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Abstract 
Substituted benzo[b]thiophenes were synthesised from 2-(S-allyl)- or 2-(S-benzyl)-
cinnamic ester derivatives utilising flash vacuum pyrolysis (FVP). Under these 
conditions the benzyl or allyl groups cleaved from the precursor to form a 
thiophenoxyl radical which then cyclised with the ejection of the ester function as a 
radical leaving group. A deuteriated precursor was also synthesised to investigate the 
breakdown pathway during electron impact mass spectrometry. 
The reactions of some indole-based radicals were investigated. Thus iminyl radicals 
were generated from 2-phenylsulfanylindole-3-carbaldehyde oxime ethers and thiiyl 
radicals from the anil of 2-benzylsulfanylindole-3-carbaldehyde. These radicals 
produced the same products viz the corresponding carbonitrile and the unexpected 
formation of an aldimine derivative. The thiiyl radical can interconvert to the iminyl 
via a spirodienyl intermediate. In contrast to the corresponding benzo-fused system, 
no cyclised products were observed. 
Surprisingly, FVP of 1 -allyl-2-phenylsulfanyl- 1 H-indole did not lead to indol- 1 -yl 
radicals. The major products (obtained in low yields) were 
4-phenylsulfanyl-5 ,6-dihydrobenzo [b]azocine (via an unusual rearrangement 
mechanism) and 6H-benzo[b]thieno[2,3-b]indole (probably formed after initial 
sigmatropic shift of the allyl group). 
The formation of fused pyridine systems by cyclisation of heterocyclic iminyl 
radicals under FVP conditions was investigated. Aldehyde precursors were obtained 
by Vilsmeier formylation or by Suzuki coupling methodology; cyclisations 
proceeded in high yields. 
Previous work to form phenanthrene derivatives utilising FVP of 2-arylcinnamic 
esters was extended to investigate the effect of a fused heterocycle. The mechanism 
involves initial electrocyclisation followed by loss of the ester function; this protocol 
proved to be an extremely efficient route to heterocyclic phenanthrene analogues. 
A dual FVP apparatus was designed and built to investigate the location of radical 
coupling during pyrolysis experiments. This produced the unexpected result that the 
majority of intermolecular coupling occurred within the gas phase under standard 
conditions, although this could be altered by adjusting the rate of sublimation of 
precursors into the furnaces. 
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In this introduction I shall survey the advances in the applications of flash vacuum 
pyrolysis (FVP) to free radical chemistry since the last major review in 1986.1  The 
FVP experiment involves the passage of a molecule through a furnace at reduced 
pressure such that intermolecular distance is enlarged and contact time within the hot 
zone minimised. This encourages intramolecular reactions such as cyclisation and it 
will be shown that these are the main reactions studied under these conditions. 
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1.1 Generation of radicals by FVP 
The majority of radicals formed utilising FVP are from the homolysis of a weak 
bond within a molecule. This gives rise to a radical which can then react directly, or 
rearrange to allow subsequent reactions to occur. However the expulsion of a small 
molecule (e.g. CO2, CO, N2, etc.) has also been used to produce a diradical which 
will then react. 
1.1.1 Carbon-based radicals 
Methods of carbon-based radical generation have changed little since the last 
review.' Thus benzyl radicals are generally produced from the pyrolysis of sulfones 2 
or oxalates  (Scheme 1) 
RCH2\ 	-SO2 	 -2 CO2 





In the case of bibenzyl production using oxalates  it has been assumed that this is via 
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Scheme 2 
It has been shown (Chapter 2.4 of this work) that if both substitituted and 
unsubstituted substrates are pyrolysed together the reaction produces crossover 
products showing that the reaction proceeds via the radical pathway. 
Little is known about the production and reaction of other alkyl radicals, however the 
main route for their production remains the pyrolysis of percarboxylate esters. 
(Scheme 3)5 
Me 	 Me 
CO3R LIIIIIiIIIj 
Scheme 3 
The production of phenyl radicals has seen the greatest development since 1986. 
13 
Production of phenyl radicals via dehalogenation has interesting applications to the 
synthesis of large complex ring structures. Pyrolysis of compounds to induce 
dehalogenation and subsequent cyclisation of the radical is generally performed at 
much higher temperatures than those used for other radical generation methods, 
typically 1000 °C rather than the more usual 700 °C. The loss of hydrogen fluoride or 
hydrogen chloride has been used as shown in Scheme 46 
[jJ 	RForC1 
Scheme 4 
Similarly loss of a bromine atom has been used to instigate the cyclisation through 
pyrolysis (Scheme 5)•7 
Scheme 5 
At the time it was thought that this reaction could proceed either via an electrocyclic 
pathway or via a radical route. Subsequent work by Scott et al . 8 `9 has shown that in 
the case of bromine atom cleavage such reactions proceed via the radical route 
(Scheme 6) and so this appears to be the likely route for the other halogens although 





Similar reactions have been performed upon the non-halogenated equivalents of 
these compounds and the same reaction has been observed. However yields are 
dramatically lower and the pyrolysis temperature required is typically 1250 °C or 
above. While this is practical for the production of polycyclic aromatics it would not 
be suitable for less stable compounds. 
15 
Work by Scott et al. showed that in the gas phase the 1,2-shift of a hydrogen atom 
was favoured over the 13-scission to form benzyne with loss of a hydrogen atom as 
illustrated in Scheme 7. 
	
H 	 H 
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Scheme 7 
The pyrolysis of deuteriated 2-bromobenzo[c]phenanthrene at 1050 °C was 
performed and the results are shown in Scheme 8 clearly illustrating the 1,2-shift. 
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Upon pyrolysis both cyclised (1, 3) and non cyclised (2, 4) products are found in a 
ratio of 3 to 1. This is lower than the equivalent ratio for the non-deuteriated reaction 
(9 to 1) and this reduction can be ascribed to an unfavourable isotope effect retarding 
the 1,2-deuterium shift. However it is clear that the radical which is formed at the 
2-position by homolysis of the carbon bromine bond does not remain in that position. 
If this were the case then the only products would be 3 and 4 which would form by 
abstraction of a hydrogen atom from the reaction vessel walls followed, in the case of 
4 by cyclisation. Instead a 1,2-deuterium shift occurs placing the radical in the 
1-position. This can then cyclise as expected to form 1 or abstract a hydrogen atom 
giving rise to 4. The major product is that arising from a 1,2-deuterium shift followed 
by cyclisation (1). 
This has meant that the design of precursors is simplified as the 1,2-hydrogen shift in 
the radical can be predicted and planned for allowing the production of less strained, 
easier to synthesise precursors. 
Azo-carbonyl compunds are still used with the loss of carbon monoxide and nitrogen 
under FVP conditions to produce phenyl or aryl radicals' °(Scheme 9) 
Ar 	 Phi, 	IN. Ph 
PhN=N—C=O 
ArGO 	I0 Ar 
Scheme 9 
Also utilised for the production of phenyl radicals are allyl esters which after the 
initial loss of the allyl moiety go on to lose carbon dioxide producing the phenyl 
radical. Similarly a nitro group can be used in place of the allyl ester to produce the 




OMe 	 OMe 	aOMe 
Scheme 10 
Rearrangement of the nitro group can also lead to loss of NO and formation of a 
phenoxyl radical which naturally decreases the yield of the desired phenyl radical. 12 
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1.1.2 Oxygen and sulfur-based radicals 
The main sources for oxygen-centred radicals remain allyl ethers as illustrated in 
Scheme 11 This is the most commonly used method for formation of phenoxyl 
radicals although almost any molecule with this ether functionality will produce them 
under suitable conditions. 13 
ArO 	 Ar0 + 
Scheme 11 
The allyl radical produced can either dimerise or more commonly lose a hydrogen 
atom to produce allene which is lost from the liquid nitrogen cooled trap upon 
warming. 
Also widely used are arylbenzyl ethers which produce aryloxyl radicals with the 
concurrent production of bibenzyl. While this requires secondary purification for the 
removal of bibenzyl to leave pure products it can be preferred to allyl ethers due to 
the reduced hydrogen flux during pyrolysis. Benzyl radicals are unable to lose a 
hydrogen atom in the fashion of ally! radicals. This means that there are fewer 
hydrogen atoms available for the benzyl derived radical to pick up producing a 
phenol derivative (5) as shown in Scheme 12 and Table 1. 
Therefore the yield of the undesired phenol derivative is reduced by use of a benzyl 
ether rather than an allyl ether. 14  As thisreaction produces multiple products which 
will require purification anyway the emphasis in choice of substrate relies more on 












R 5 6 7 
Allyl 33% 2% 30% 
Benzyl 18% 13% 63% 
Table I - Relative yields from allyl and benzyl precursors (Scheme 12) 
Methoxy moieties have been used for the production of oxygen-based radicals as 





The standard method for production of sulfur-based radicals remains the pyrolysis of 
thioethers, either alkyl or allyl (Scheme 14).' 6 17 
	
ArSCH2Ar' 	ArS. VSAr 
Scheme 14 
In a similar fashion to that used for the production of phenoxy radicals, a methyl 
thioether can also be used, in this case for the second step of the cascade reaction 
shown in Scheme 15.' 
1? PPh3 





Sulfur-based radicals have also been produced in the form of a diradical with a 
nitrogen-centred radical with loss of carbon dioxide as shown in Scheme 16. 19  





1.1.3 Nitrogen-based radicals 
As has been seen previously with oxygen and sulfur-based radical formation the 
routes to nitrogen-based radicals have changed little since the last review. 1 









Iminyl radicals are formed from oxime ethers. While methyl ethers are most common 
in the current literature (Scheme 18)21  other oxime ethers have been used (Scheme 
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9 Ethyl Phenyl 
10 Ally! Propyl 
Table 2— R and R 1 in Scheme 19 
In general such methyl ethers 8 have been pyrolysed at 650 °C with a pressure of 
around 0.01 Ton whereas those reported by Raertes et al. 9 and 10 were pyrolysed 
between 300 and 500 °C with a pressure of 1 Torr. 22 
N-N cleavage has also proved to be a general route to nitrogen-based heterocyclic 
radicals as illustrated in Scheme 20.23  This was performed at around 650 to 850 °C 
with a pressure of 0.01 Ton. 









Similar work is ongoing using other heterocycles (Scheme 21).24  In this case 
dimethyl amine is used as the leaving group to ease the synthesis of the precursors. 
% 
NMe2 	Ar 	 Ar 
Scheme 21 
23 
1.2 Reactions of radicals under FVP conditions 
1.2.1 Cyclisation of aryl radicals 
Polycyclic aromatic hydrocarbons are of great interest as they have been shown to be 
genotoxic and carcinogenic. 25  Investigations into the metabolic pathways of these 
changes may allow more successful treatment of the resulting diseases. A methylated 
derivative of such a polycyclic hydrocarbon has been produced using FVP in the 
final cyclisation step to investigate the metabolic activation pathways of the parent 
hydrocarbon. 26  This step proceeds with a yield of 63% at 800 °C and 30% at 900 °C 
both performed at 0.005 Torr. At 800 °C 10-methylbenz[e]acephenanthrylene 11 was 













However the evidence of rearrangement of the intermediate at higher temperatures to 
produce product 12 suggested that a radical pathway is followed at least in part if not 
exclusively. It was suggested that if the electrocyclic route were followed exclusively 
there would be no chance for rearrangement and only 10-
methylbenz[e]acephenanthrylene 11 would be seen at either temperature. 
The radical route would produce 12-methylbenz[e]acephenanthrylene 12 at 900 °C 
via rearrangement as shown as well as 10-methylbenz[e]acephenanthrylene 11. As 
the yield of 12-methylbenz[e]acephenanthrylene 12 at 900 °C is not reported it is 
impossible to say if the reaction proceeds purely via a radical or electrocyclic 
mechanism with this evidence alone. 
However there is a possible mechanism which suggests that the reaction could 






radical or electrocyclic 
nchanism as seen 
previously 
Scheme 24 
In this scheme the first step is electrocyclic in nature. This is then followed by a 1,5-
chlorine atom shift which is followed by a 1,5-hydrogen shift. Subsequent reverse of 
the initial electrocyclic step produces 13 which can continue via either the radical or 
the electrocyclic mechanism illustrated in Scheme 23 to produce 12-
methylbenz[e]acephenanthrylene 12. 
Work by Cadogan et al.27 has shown that direct radical interconversion in a similar 
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Temperature / °C Yield 14 / % Yield 15 / % 
850 74 26 
900 75 25 
950 75 25 
1000 75 25 
Table 3— Temperature profile of products for Scheme 25 
It therefore seems that the reaction reported by Tanga et al. proceeds purely via an 
electrocyclic mechanism, with the rearranged product 12 being formed at the higher 
temperature as the 1,5-Cl shift is able to occur. While radical mechanisms are 
possible other evidence suggests that they will only occur at higher temperatures than 
those used during this reaction. 
Evidence for the higher temperature radical mechanism is seen with the synthesis of 
benzo[ghi]fluoranthenes (Scheme 26, Table 4) which has been studied as a method 




16— 18 (See Table 4) 	 19 —21 (See Table 4) 
Scheme 26 
Precursor R Tf / °C Yield! % Product 
16 H 1030 53 19 
17 Cl 1000 38 20 
18 F 1030 46 21 
Table 4— Yields from Scheme 26 
The products shown 19, 20, and 21 were the sole product of these reactions and 
remaining material was lost to carbonisation forming a thin lining on the quartz tube 
with simultaneous formation of hydrogen. 
This reaction must follow a radical pathway (Scheme 27) as no suitable electrocyclic 
route can be drawn. This agrees with the results illustrated above and also the work 





1  61 R 119 
Scheme 27 
NZ 
A natural extension of this work is the synthesis of [60]buckminsterfullerene 22 
(Scheme 28).28;29 
Scheme 28 
Pyrolysis proceeds at 1100°C with a pressure of 0.01mm Hg. 
While yields are low at around 1% this demonstrates the validity of the mechanism 
for the formation of complex geodesic molecules from planar substrates using 
pyrolysis. It is thought that this methodology could be expanded to produce hitherto 
unknown fullerenes as well as heteroatom containing equivalents and cages with 
holes in the surface to act as trapping agents. 
Formation of 22 could in principle combine both electrocyclic and radical 
mechanisms. Those lines marked a could cyclise via an electrocyclic mechanism 
while those marked b could proceed via a radical mechanism. However this may not 
be the case. As has previously been mentioned much work has been done on 1,2-
hydrogen shifts in aryl radicals 8  and these results suggest that all cyclisations in the 
formation of buckminsterfullerene may in fact be radical in nature. 
30 
1.2.2 Heterocycle formation by cyclisation of aryl radicals 
Formation of dibenzothiophenes and similar compounds is a typical example of such 
a reaction. 27  Generation of the radical reaction is achieved using FVP with a furnace 
temperature of around 900 °C and a pressure of around 0.01 Ton. The weak O-allyl 
bond cleaves homolytically and the resultant radical extrudes carbon dioxide to form 











A wide variety of such compounds has been investigated (Table 5). While the cases 
where R = H or a para-substituent are simple and have only one product, those with 
meta or ortho-substituents show more complex reactions as shown below. 
31 
Precursor X R Precursor X R 
23 0 H 32 S p-Me 
24 0 p-Me 33 S p-Cl 
25 0 p-COMe 34 S rn-Me 
26 0 p-OMe 35 S o-Me 
27 0 p-Cl 36 NH p-Me 
28 0 rn-Me 37 We H 
29 0 rn-COMe 38 We p-Me 
30 0 o-Me 39 CH2 H 
31 S H 40 CO H 
Table 5— Precursors investigated (Scheme 29) 
Simple products such as dibenzofuran from 23, dibenzothiophene from 31 and 
fluorene from 39 were produced with no other significant products in yields of 49%, 
63% and 40% respectively. 
The only example of the radical capturing an external hydrogen atom rather than 
cyclising was seen from 40 which produced not only the expected product of 
fluorenone 41 but also benzophenone 42 in a ratio of 9 to 1 .(Scheme 30). 












Anthranilic esters showed a more complex set of products. Rather than following the 

















In the case of N-methylated anthranilic esters 37 and 38 it would appear that the 
pathway shown in Scheme 31 for the formation of acridone 43 cannot be followed, 
however such a product was found. It was shown that under the reaction conditions 
demethylation occurred allowing the formation of acridone 43 along with 
demethylated carbazole as well as the desired N-methylcarbazole. 
Carbazoles have been produced successfully using a similar route with a nitro group 
as the radical generator (Scheme 32) 
aN  4-R 	 R N 	 aN 
I I 
H H 	 I 
H 
Scheme 32 
This route is most successful while R = electron withdrawing group and is currently 
undergoing investigation. 30 
In the case of meta-substituted compounds the two products are formed by 
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In the case of ortho-methyl substitution there are several possible routes. The initial 
phenyl radical can cyclise directly with concurrent loss of a hydrogen atom (Scheme 
34) 
2 
X 	 x 
Me 	 Me 	 Me 
Scheme 34 
Alternatively a hydrogen transfer can occur from the methyl group to the ring 
forming a benzyl radical which can then cyclise with loss of the same hydrogen atom 
to form a new six membered ring 44. When the bridging atom is oxygen another 
route is also possible where the radical rearranges to produce fluorenol 45. (Scheme 
35) This type of reaction is discussed in greater detail later in this work. 








This illustrates not only the variety of reaction available but also the need for careful 
selection of substrate in order to minimise unwanted reactions. 
Another route to these compounds has been discovered. 3 ' In this route the initial 
radical formation is via loss of an allyl moiety giving rise to a 2-
aryloxycarbonyiphenoxyl radical 46. This then rearranges via ipso-attack on the 
other aryl group attached to the ester to give a spirodienyl intermediate which then 
proceeds to the 0-based radical as discussed previously. This then proceeds with 










Further instances of such radical interconversion are examined later in this work. 
37 
1.2.3 Ring expansion 
Ring expansion of carbon-centred radicals has mostly been observed in solution 32;33 
however some examples of this phenomenon in the gas phase have been investigated 
in detail. 
The reaction of N-heteroarylmethyl radicals illustrates this point particularly well. 34 
This consists of the oxidative ring expansion of a N-arylmethyl radical 47 to form 
pyridine 48 as shown in Scheme 37. 
ON' O   47 	 148 N 
I 	 N 
CH2 
Scheme 37 
Heteroaryl equivalents were also prepared and pyrolysed. The relevant N-(4-
chlorophenoxy)methyl derivative was simply prepared in reasonable yield and 
pyrolysed to produce the radical (Scheme 38) 
I (N) 




These then underwent ring expansion and produced both pyrimidine and pyridazine. 
As such the mechanism remained unclear and so a carbon labelled version was 
prepared using the simpler pyrrole derivative was used. 
38 
Production of the 13C labelled derivative shown in Scheme 39 allowed detailed 
analysis of the mechanism involved in the ring expansion. 
N 	 No + CN + N 




It was seen that the carbon label appeared not only in the 2 position 49 as might be 
expected but also in the 3 position 50 and 4 position 51 with the product 50 being 
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This showed that the ring formed by initial attack of the methylene radical collapses 
in two important ways, one leading to the expected product 49 breaking bond b and 
the other breaking bond a to lead to a 2-methylpyrrole radical 52. This radical can 
then attack the 3 position of the pyrrole ring to produce another 3 membered ring 53. 
As before this can either collapse to form the 3 labelled pyridine 50 by breaking bond 
d or continue the walk around the ring by breaking bond c. If the latter course occurs 
another 3 membered ring can be formed by attack at the 4 position which can then 
collapse to produce the 4 labelled pyridine 51. 
This form of rearrangement does not appear to occur with more substituted examples 
such as the indolyl derivative as shown in Scheme 41. Not only does this exclusively 
form quinoline rather than isoquinoline, but the carbon label appears only at the C-2 
of the product. This is due to the walk rearrangement being disfavoured as it would 
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Scheme 41 
The final derivatives studied were the N-azolylmethyl radicals which produce very 










2• 55 	 CH 
Scheme 42 
The N-pyrazolylmethyl radical expands purely to give pyrimidine 55 not pyridazine 
56 probably due to the cleavage of the weak N-N bond of the diaziridinyl 
intermediate shown. The N-imidazolylmethyl radical gives both pyrimidine 55 and 
pyrazine 57 in ratio 3.7: 1.0. 
41 
1.2.4 Phenoxyl radical reactions 
Phenoxyl radicals are easily produced by the pyrolysis of suitable ethers. 14  The ethers 
most commonly used are allyl and benzyl as previously mentioned and the substrates 
must be carefully designed to avoid unwanted radical interconversion. 
Phenoxyl radicals have been used in the preparation of dibenzofuran derivatives. 31  In 
this reaction a 2-aryloxycarbonyiphenoxyl radical is produced via FVP of the allyl 
derivative and rearranges with subsequent loss of CO2 to produce a carbon-based 
radical which then cyclises to dibenzofuran 58 as shown in Scheme 43. There are in 
fact a large number of such interconversions which will be discussed fully in a later 
section of this work. 
	





0 	 a 58 0 
Scheme 43 
One synthetically useful technique using phenoxyl radicals is the preparation of 
furans. 
42 
The use of a carboxylic ester moiety as a leaving group has been mentioned as a 
method for phenyl radical generation however this behaviour is synthetically useful 
as the terminating step in a radical reaction. 35  The mechanism of the formation of 
substituted benzofurans is illustrated in Scheme 44. The production of a phenoxyl 
radical from the usual routes, illustrated in this case by a benzyl leaving group, then 
cyclises with the loss of the carboxylic ester to form the substituted benzofuran. 
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Scheme 44 
The use of the allyl moiety as a leaving group in radical generation has been reported 
with wide success as illustrated in Scheme 45 and Table 6. Yields were generally 
high and products produced in high purity. 13 
Ian 
CO2RI 	






R R' R2 Yield of 60 from 59/ % 
H H Me 68 
H Me CO2Me 95 
H Me CN 52 
H Et Me 75 
Cl H Me 60 
Cl Me Et 85 
NO2 H Me 55 
OMe H OMe 90 
Table 6— Substituents used for compounds 59 and 60 (Scheme 45) 
Pyrolysis of these compounds produced the expected products with little subsequent 
purification required with the exception of R = NO2. The nitro group had an unusual 
effect upon the reaction and 2 byproducts were found as illustrated in Scheme 46. 
O2N 







It is thought that electron withdrawal from the nitro group weakens the 0-allyl bond 
and allows a [1,5] allyl shift to occur The resultant intermediate then cyclises to form 
61 (4%). The second product 62 (20%) is formed via an allyl shift to the 4-position 
followed by loss of the nitro radical with rearrangement to produce the phenoxy 
radical as before. This then cyclises as usual. The major product 63 is formed as 
44 
expected with loss of the allyl group producing the phenoxy radical which then 
cyclises with loss of the carboxylic ester moiety. 
This methodology has been expanded to produce tricyclic systems such as the natural 
product angelicin as well as 3-substituted benzofurans as illustrated in Scheme 47. 
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Scheme 47 
Similarly it is also possible to produce heterocyclic bicycles using this route by 




MeS CO2Me MeS 	
CO2Me -so 	64 
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CO2Me 	




R3 —==-< 2 R3 
OH 
While yields of these thienofurans 64 (22%) are lower than benzofurans 60 (52-95%) 
this may be due to their relative instability and the extra ring strain incurred by the 
production of a fused 5,5-system. This illustrates the wide variety of applications this 
methodology has achieved and the synthetic usefulness of phenoxyl radicals upon 
suitably designed substrates. 
The presence of a suitable radical generator is required for ejection of the entire ester 






R2 R3 Yield of 67 from 66/ % 
Me H H 87% 
Me H Cl 94% 
Me H NO2 75% 
Et Me H 82% 
Et Me Cl 96% 
Table 7— Substituents used for compounds 66 and 67 (Scheme 49) 
Yields of the reaction are consistently high (75 - 96%) and no significant byproducts 
are observed. As the precursors are volatile and decompose little within the inlet tube 
the technique can conveniently be scaled to multi-gram quantities. 
46 
Unlike the reactions shown before this does not consist of a radical cyclisation but 
rather an electrocyclic one as shown in Scheme 50. 
R3 	 =< 2R 
OH 
R3 :2 
R3  YYJo 
fOR1 




1.2.5 Nitrogen-based radical reactions 
As previously mentioned there has been one main extension to the methods of 
nitrogen-based radical production involving the cleavage of an N-N bond with loss 
of an amino radical. This has been used conveniently to synthesise the 
[1 ,3]thiazolo[3 ,2-b] [1 ,2,4]triazole ring 68 from readily available N-amino- 1,2,4-
triazoles with the ability to functionalise positions 2, 5 and 6 (Scheme 51).23 
H2N 	
3 	 4 
<\ N 	
2(\ 5 68 
i 	 6 
Scheme 51 
The starting material 69 is readily prepared and the reaction follows the pathway 
shown in Scheme 52. 
This reaction is unusual in that instead of the expected loss of the allyl group to 
produce a sulfur-based radical it undergoes an initial sigmatropic shift producing the 
thione compound 70 which then undergoes loss of an amino radical forming a 
nitrogen-based radical 71 which is resonance stabilised by delocalisation to the sulfur 
73 and one other nitrogen 72. This radical reacts from the sulfur 73 where a 5-exo-
trig addition to the double bond of the allyl takes place. This is followed by loss of a 
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Scheme 52 
The allyl group has been substituted at all positions and the results are shown in 
Scheme 53 and Table 8. When R1=R2=H and R3 = Me the initial sigmatropic shift 
rearrangement results in a branched substituent upon the nitrogen 74. 
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R TiT R2 R3 R4 I 	R5 Yield 68 from 69/ % 
H H H H H H 45 
MeHH H H H 54 
MeHMe H H Me 48 
Me H H Me Me H 54 
PhHH H H H 23 
PhHMe H H Me 48 
PhHH Me Me H 54 
Table 8 — Substituents used for compound 69 and subsequent yields 
This shows that the possible cyclisation between the nitrogen-based radical 72 and 
the allyl group is disfavoured compared with de!ocalisation to produce the sulfur-
based radical 73 and its subsequent cyc!isation. It also illustrates a versatile and 
synthetically useful reaction which may be applicable to other similar systems. 
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Apart from the method mentioned above nitrogen-based radicals are generally 
synthesised from the pyrolysis of N-allyl compounds for aminyl radicals 37  and N-
methoxy compounds for iminyl radicals38 ' 39 . Many of the reactions studied involve 
the interconversion of radicals and as such are covered later in this work however 
there are some synthetically valuable reactions utilising aminyl or iminyl radicals. 
The precursors for phenyl aminyl radicals were generally the allyl derivative of a 
suitable aniline, prepared by simple alkylation 37 . Pyrolysis took place at a typical 
temperature of 750 °C upon the precursors shown in Scheme 54 and Table 9 to 
produce the aminyl radical. 
R' 
aN aR2 	 NH R2 Zll
y 	 ay 
Scheme 54 
Precursor Y R' R2 
75 CH2 Ally! H 
76 Cl2 Allyl Me 
77 CO Allyl H 
78 CO Ally! Me 
79 S Allyl Me 
80 0 Allyl Me 
81 0 CH2Ph Me 
Table 9— Precursors investigated (Scheme 54) 
Pyrolysis of 79, 80 and 81 proceeded not only with direct cyclisation but also radical 
rearrangement and will be discussed in the relevant section later. 
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Pyrolysis of the other compounds mentioned in Table 9 proceeds as expected with 










The major product is from the cyclisation of the aminyl radical producing acridan 82 
(5 0%). Also produced are acridine 83 (11%) from the dehydrogenation of acridan 82 
and 2-aminodiphenylmethane 84 (5%) from hydrogen capture by the radical. It is not 
clear from this whether the cyclisation proceeds directly or via a spirodienyl 









Analysis of the results was performed using ' 5N NMR spectroscopy and while the 
yields are not reported the relative yields are. The presence of both 2-methylacridan 
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85 and 3-methylacridan 86 shows that the cyclisation is proceeding via a spirodienyl 
intermediate. The ratio between 2 and 3 isomers is 2 : 1. This unusually shows that 
CH2 migration is preferred over NH migration in the intermediate. 40 
Pyrolysis of 77 proceeded cleanly with acridone 87 as the only significant product in 






The methyl derivative 78 gave rise to 2 products in a 1: 1 ratio from a spirodienyl 
intermediate. (Scheme 58) This result shows essentially equal tendancies for 
migration of both NH and Co. 
It also shows that the potential ring opening to give an acyl radical 88 does not occur 
as such species are known to decarbonylate at 750 °C and no decarbonylation 














Iminyl radicals also commonly undergo interconversions if the molecule is 
constructed in a suitable manner. As suggested before these reactions will be dealt 
with later in this work. While direct cyclisation of iminyl radicals can occur it is rarer 






1.2.6 Radical interconversion 
It has previously been mentioned that iminyl and phenoxyl radicals can interconvert 
via a spirodienyl radical and this phenomenon has been investigated to see whether it 
will apply to other similar systems as illustrated in Scheme 59. 
Scheme 59 
Where X = 0 the interconversion proceeded to equilibrium as both iminyl and 
phenoxyl precursors produced common products. 4 ' With R = H and R' = ally! the 
major product in both reactions was 2-cyanopheno! 89. This loss of the pendant 
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phenyl moiety in both cases shows that the reaction is proceeding via the spirodienyl 
intermediate 90 in both cases as shown in Scheme 60. 








However when X = N no such interconversion was observed in the gas phase 38 '42, 
although it did occur in solution. 43 
The case X = S was investigated utilising S-benzyl compounds as precursors for the 
production of thiophenxyl radicals. 2 ' Three different sets of precursors were 
investigated to determine the generality of reactions observed ( R = H, Me and Ph). 
(Scheme 61 ,Table 10) 
In all cases the product 93 was formed showing the cyclisation to form the 
sulfur/nitrogen bond is preferred to the hydrogen transfer with subsequent loss of a 













R % 93 from 91 % 93 from 92 
H 48 34 
Me 45 25 
Ph 48 27 
Table 10— Yields for Scheme 61 
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It should be noted that in the thiobenzyl precursor R = Ph a p-methyl substituted 
phenyl group was used as the substituent on the nitrogen in order to distinguish 
between the N-aryl and C-aryl groups as shown in Scheme 62. This also allows 
confirmation of the actual mechanism of cyclisation, showing whether it proceeds 
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As the p-tolyl moiety is not seen in the products this implies that the cyclisation 
proceeds via direct attack. However the presence of dibenzothiophene in the products 
shows that this cannot be the only route taken. 
This alternative route for the formation of dibenzothiophene is shown in Scheme 63. 
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Scheme 63 
While this mechanism does go via a spirodienyl radical it is not that predicted from 
previous work on phenoxyl systems which would suggest that the attack would occur 
upon the aryl group attached to the nitrogen. 
However dibenzothiophene is not the major product of this reaction and it is clear 
that the major product is produced from direct cyclisation of the radical, regardless of 
whether it is produced on the sulfur or the nitrogen. 
This unusual behaviour is not entirely unexpected as phenoxyls and thiophenoxyls 



















Another example of such interconversions involves a nitrogen-to-carbon radical 
transfer. Production of iminyl radical 95 is achieved by cleavage of an oxime ether 
94 and this then undergoes a 1,6-hydrogen shift to a carbon centered radical 96 
which can then cyclise. (Scheme 64) . 38 
The reaction proceeds with 24% yield of 97 as major product. 
O-Allyl salicylic amides and esters display similar reactions. 44 
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Scheme 65 
Similarly the equivalent ester 99 proceeds along a similar route to produce 7- 
hydroxyphthalide as shown in Scheme 66. 
O 	 Os 











In this case the product shown 100 was the major product with a yield of 25%. 
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Nitrogen-to-sulfur radical interconversion also proceeds through a spirodienyl radical 
intermediate 101.37 . Scheme 67. 
NH S aMe 














Unsurprisingly both 2-methyiphenothiazine 102 and 3-methylphenothiazine 103 
were produced via a spirodienyl radical intermediate 101 in yields of ca 5 and 10% 
repectively. The 3-methyl derivative was found to be more prevalent showing the 
higher aptitude for migration of S compared to NH. However the major product of 
this pyrolysis was found to be 4-amino-8-methyldibenzothiophene 106. This is 
produced as shown in Scheme 67. Initial production of the aminyl radical 104 is 
followed not by attack upon the aryl ring but by abstraction of a hydrogen from it to 
produce the amine group 105. The subsequent radical then cyclises onto the aryl ring 
with loss of a hydrogen atom to form 4-amino-8-methyldibenzothiophene 106. 
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109 110 NH2 
Scheme 68 
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Once again the initial aminyl radical transfers via a spirodienyl intermediate. 
However in this case the major product was the phenol 107 produced by capture of a 
hydrogen by the phenoxy radical produced after transfer. This contrasts with the case 
illustrated in Scheme 67 where no thiophenol derivative was found. This showed that 
the phenoxy radical captured a hydrogen far more efficiently than the equivalent 
thiophenoxy radical whether it be from a nearby aryl ring leading onto further 
cyclisation or from the surrounding environment to produce a phenol product. 
In the allyl case shown in Scheme 68 the major product was 107 (phenol) 20%. In 
the benzyl case the yield of phenol was 23%. The 1 -hydroxy-6-methylcarbazole 108 
was the major product formed from the benzyl precursor in 36% yield. The other 
routes illustrated formed extremely low quantities of product - phenoxazine 109 (< 
2%) and amine 110 (0.3%) measured from the crude pyrolysate. 
1.2.7 Benzothiophenes 
As has previously been mentioned the reactions of phenoxy and thiophenoxy radicals 
are often very different however it was of interest to investigate the possible 
formation of benzo[b]thiophenes utilising a similar methodology used for the 
production of benzofurans. 
This work initially utilised a tert-butyl group as the leaving group to produce the 
thiophenoxyl radical however this produced a large variety of unwanted products 







In an attempt to prevent these undesired side reactions, both benzyl and allyl leaving 
groups were used to form the initial thiophenoxyl radical (Scheme 70) and the 
cyclisations proceeded smoothly in the most part. 46 This work is detailed later within 
this thesis. 
CO2R 





Benzothiophene previous methodology - synthesis of benzofurans 
Previously it has been shown that benzofurans can easily be prepared using an 
oxygen-based ally! group 113 as the initial radical leaving group. 13 
FVP precursors were conveniently prepared from the appropriate phenol 111 by 
treatment with allyl bromide in dimethylformamide containing anhydrous potassium 
carbonate (step i) to give 112. The alkene functionality was prepared using either a 
Knoevenagel or Wittig reaction on the appropriate carbonyl (step ii). An oxygen-
based benzyl group had also been used in a similar way. 
The route used is illustrated in Scheme 71. 
	
R' 	 R' 	
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Scheme 71 
The order in which steps (i) and (ii) are performed is unimportant. 
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Scheme 72 
This demonstrated the practical application of a carboxylic ester as a radical leaving 
group from 115 during cyclisation of 114 which, in combination with the O-allyl or 
O-benzyl as the radical generator from 113, formed a simple short route to 
functionalised benzofurans 116 as discussed previously. 
Benzothiophene synthesis 
Application of the methodology used in benzofuran preparation to the preparation of 
benzothiophenes was begun using t-buty1 45 as the initial radical leaving group due to 
the commercial availability of 2-(tert-butylthio)benzaldehyde 117. 
This was reacted with methyl triphenylphosphoranylideneacetate producing 
3-[2-(t-butyl)]phenyl]propenoate 118 which was taken on to the FVP step, which is 
illustrated in Scheme 73. 
CO2Me 
30 
	 t 119 




While the expected product 119 was not the sole product of the reaction it 
demonstrated the viability of benzo[b]thiophene preparation using this methodology 
and so work was begun on the preparation of the thiobenzyl analogue. It was hoped 
that this would help prevent the unwanted side reactions which were thought to be 
due to the high hydrogen flux created by the decomposition of the t-butyl group. 
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Preparation of the required precursors were achieved by Brown 17  using the route 
shown in Scheme 74. 
aCO2H 	aSCH2PhCO2H (i) SH •CO2Et aSCH2Ph 
(iii) 
0  CHO (v) 	
CONHNHSO2C6H4Me CONHNH2 
1 	 .6
SCH2Ph 	OCSCH2Ph 	 OCSCH2Ph 
(vi) 	\(vii) 




SCH2Ph 120 	 SCH2Ph 121 
Scheme 74 
Step (i) was performed using benzyl bromide in DMF along with anhydrous 
potassium carbonate to benzylate the sulfur. This proceeded with an acceptable yield 
of 71% although the carboxylic acid was not benzylated as expected. As the acid has 
not been esterified this was performed in Step (ii) heating with thionyl chloride, 
followed by reflux in excess ethanol producing a reasonable yield of ester (77%). 
This ester was then condensed with hydrazine hydrate in Step (iii) (82%) and a tosyl 
group added by reaction with toluenesulfonyl chloride in Step (iv) (60%). Removal 
of this tosyl group to leave the aldehyde was performed easily and effectively in Step 
(v) by heating with freshly distilled ethylene glycol with subsequent addition of 
sodium carbonate in excellent yield (91%). 
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The final steps performed were a Knoevenagel reaction [Step (vi) 23%] or a Wittig 
reaction [Step (vii) 82 %]. While the yield of the Knoevenagel reaction was low it 
produced a sufficient yield of product to allow investigation of the pyrolysis 
products. 
Pyrolysis of the final compounds produced benzo[b]thiophene and 2-cyano 
benzo[b]thiophene as expected. Although the route used to prepare the precursors is 
long, with an overall yield of 5.6% and 20% respectively for compounds 120 and 
121 it demonstrated the viability of the pyrolysis step. 
Synthetic methodology 
Having seen that the thiobenzyl group acted as a suitable radical leaving group for 
benzothiophene synthesis it was decided to attempt to improve the synthetic route to 
the relevant precursor and expand the synthesis to other compounds. Also, having 
seen the effectiveness of the allyl leaving group in benzofuran synthesis it was 
decided to apply this methodology to benzo[b]thiophene synthesis. This is of 
particular interest as substituted benzo[b}thiophenes are currently being investigated 
for use as pharmaceuticals to treat a variety of conditions such as renal failure, 
hypertension, stroke and angina. 47 Use of the allyl group would lend itself to this 
field as the by-products from the reaction are volatile and so the desired product 
might be attained in high purity with little or no extra work up. While the compounds 
being investigated here are of much lower complexity than those referred to in the 
cited reference it can be envisioned that the method could be expanded to include 
more complicated functionality. 
As 2-mercaptobenzaldehyde is not commercially available the method previously 
used for alkylation was unsuitable. While it may have been possible to synthesise the 
2-mercaptobenzaldehyde as required 48  it was decided to utilise a different approach 
to the production of a suitably substituted aldehyde. Sulfur is a better nucleophile 
than oxygen so it was decided to use 2-fluorobenzaldehyde and perform a 
nucleophilic substitution to introduce the required functionality. This route is limited 
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by the availability of the fluoro compounds, but proved adequate for use in this 
situation. 
The route followed is illustrated in Scheme 75 






R=benzyll22 	 122—l29Table 11 
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Scheme 75 
Step (i) uses the relevant mercaptan heated in isopropanol with potassium 
carbonate. 49  Where R = benzyl 122, the reaction mixture was heated at reflux as 
previously performed , 49 where R = allyl 123 the temperature is maintained at 60 °C 
to prevent evaporation of ally! mercaptan. The reaction with allyl mercaptan was 
initially attempted using methanol as a solvent to allow the reaction mixture to be 
heated at reflux, but it was found that 2-methoxybenzaldehyde was produced in a 
competing reaction. No such competing reaction was observed when isopropanol 
was used as a solvent. Reaction with both benzyl mercaptan and allyl mercaptan 
proceeded well in almost identical yields (78% and 77% respectively), although the 
benzyl derivative proved easier to purify as it is a solid and so can be recrystallised. 
Step (ii) was performed using either a Knoevenagel 50  or Wittig reaction. The results 
are summarised in Table 11. 
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Compound R R' R2 Method for Step (ii) Yield % 
124 CH2Ph Me CN Knoevenagel 65 
125 CH2Ph Me CO2Me Knoevenagel 94 
126 CH2Ph Me COMe Knoevenagel 7 
127 CH2CHCH2 Me CN Knoevenagel 97 
128 CH2CHCH2 Et Me Wittig 99 
129 CH2CHCH2 Me H Wittig 84 
Table 11 - Preparation of precursors (Scheme 75) 
It can be seen that the yield for 127 is higher than 124, and the reaction went to 
completion much faster, probably due to the lower steric bulk of the allyl group 
versus the benzyl group. 
The low yield of 126 is partly due to problems during synthesis. The reaction did not 
go to completion at room temperature as had occurred with the others and so the 
reaction mixture was refluxed overnight with azeotopic removal of water until it 
appeared by TLC to have gone to completion. During workup it was found that the 
reaction was incomplete and so the product was distilled using a Kugelrohr to give 
the product as a dark gel which did not crystallise. 
Products were characterised using NMR and mass spectrometry. The breakdown of 
the compounds under electron impact conditions gave some interesting results which 
are discussed later. Where E/Z isomers were produced they were not separated as 
equilibration will occur under pyrolysis conditions and so the stereochemistry was 
considered unimportant. 
It can be seen that the allyl derivative gave higher yields than the benzyl during 
olefination, but the benzyl derivatives proved easier to purify. In the allyl case 
purification proved troublesome as had been seen in the first step with a tendency for 
2-fluorobenzaldehyde to remain in the final product. 
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The compounds illustrated above 124, 125, 126, 127, 128 and 129 are expected to 
lead exclusively to 2-substituted benzo[b]thiophenes upon pyrolysis. In order to 
attempt to extend this methodology to 3-substituted and 2,3-disubstituted 
benzo[b]thiophenes the starting aldehyde was replaced with a ketone to attempt the 





131 R=  Me, R'zCN 
132 R' = H 
Scheme 76 
Step (i) was successful, although some problems were seen. The reaction proceeded 
much more slowly than with the aldehyde taking 170 hours as opposed to 24 hours 
and required excess allyl mercaptan and potassium carbonate. Some unreacted fluoro 
compound 130 remained in the final product and it was decided to carry this through 
to the next step as it was expected that column chromatography would be required 
for purification of the final product. 
Several methods were attempted unsuccessfully for step (ii) and it was decided not to 
pursue this route further. 
A Knoevenagel reaction was tried with methyl cyanoacetate to synthesise 131, but no 
reaction was seen, even after heating at reflux for 24 hours. Titanium chloride was 
added as a catalyst for the Knoevanagel reaction. This is a standard catalyst used for 
Knoevanagel reactions with ketones. 5 ' This was also unsuccessful with only 
unreacted starting material being recovered. 
Two attempts were made to synthesis 132 (R = Me and R = Et). A Wittig reaction 
was initially attempted (R = Me). During this reaction samples were taken for 'H 
NMR spectroscopic analysis and a new peak in the spectra was seen to appear at 
around oH = 1.6 which was thought might be from the methyl group in the expected 
product although the predicted shift for such a methyl group is typically nearer 8H = 
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3.50. Three spots were seen when the reaction mixture was subjected to TLC 
analysis and so after work up, the residue was subjected to dry flash column 
chromatography. Only starting material was recovered as the other two spots 
produced insignificant amounts of undetermined products. The second attempt used 
sodium and diethylphosphonoacetate 45 but no product was formed. 
Pyrolysis of precursors 
The pyrolysis of all the precursors was carried out under broadly similar conditions. 
The furnace temperature was maintained at 750 °C and the precursors sublimed using 
an inlet temperature of around 160 °C. The pressure was maintained in the region of 
10-2 Torr although a rise in pressure was noted during the reaction for many of the 
experiments. The scale of each experiment ranged up to 0.5 g. Products were 
collected from the trap by dissolving in a suitable solvent, either DCM or CDCI3 and 
either dried or taken straight for analysis by 'H NMR. 
Benzyl as leaving group 
The expected breakdown pathway for the prepared benzyl precursors is shown in 
Scheme 77. 
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Results are detailed in Table 12 
Precursor R Product Yield % 
124 CN 133 37 
125 CO2Me 134 52 
126 COMe 135 42 
Table 12— Pyrolysis of benzyl precursors 
It can be seen that while yields are not particularly high the production of 
2-substituted benzo[b]thiophenes 133, 134 and 135 from the radical precursors 124, 
125 and 126 proceeds as expected. Purification of the products is simple utilising dry 
flash column chromatography. Products were characterised utilising NMR and 
accurate mass techniques. 
Both ethylbenzene and bibenzyl have been isolated and identified from the pyrolysis 
products. Carbon dioxide escapes upon warming of the trap while methane would not 
be trapped. The slight rise in back pressure seen during pyrolysis could be accounted 
for by the production of methane. 
The successful isolation of ethylbenzene from the pyrolysis products supports the 
presence of the methyl radical shown in Scheme 77, although it is not clear whether 
this is produced as shown or whether the entire ester moiety leaves as a radical which 
then decomposes to produce carbon dioxide and a methyl radical. It is thought that 
the former is more likely as this would help explain the particular effectiveness of the 
ester as a radical leaving group as the reaction will be driven by loss of carbon 
dioxide. If the latter were to be the case and the entire ester moiety left intact then 
there would be no reason for an ester functionality to be particularly effective as a 
leaving group. 
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Allyl as leaving group 
Pyrolysis of the thioallyl compounds proceeded as expected with good yields 
(Scheme 78, Table 13). However there was seen a contaminant in the pyrolysis 
products which was identified as the equivalent 2-fluoro compound 139 using NMR 
and MS data. This must have been carried through from the first step in the reaction 
as purification had proved difficult. If this reaction is to be investigated further it is 
clear that a suitable method for purification of larger amounts of 
2-(allylsulfanyl)benzaldehyde must be found. 
CO2RI 
127, 128, 129 	 136, 137, 138 
E <CO2Ri  
139 
Scheme 78 
Precursor R R' Product Yield % 
129 H Me 137 74 
127 CN Me 136 84 
128 Me Et 138 89 
Table 13- Pyrolysis of allyl precursors 
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As it stands, it is clear that the methodology is valid and that the allyl group acts as 
an effective leaving group which produces no detectable by-products, but 
purification of precursors has proved to be more difficult than was expected. 
Each approach has its own advantages and disadvantages. 
The benzyl methodology produces solid precursors which are easy to handle and 
readily purified to a high degree. However during pyrolysis bibenzyl is produced as a 
byproduct and forces extra purification generally by dry flash column 
chromatography. 
The allyl methodology produces precursors which are more difficult to handle, often 
viscous gels and are more difficult to purify. While dry flash column 
chromatography will produce pure precursors it is difficult to ensure that no fluoro 
compound is carried through and the losses inherent in this technique reduce the 
yield. Distillation is generally unsuitable as the compounds may decompose under 
atmospheric heating. However in favourable cases the pyrolysis product requires 
little or no purification as the byproducts are lost upon warming of the trap. 
In conclusion the benzyl precursors are favoured over the allyl due to the ease of 
preparation and handling of suitable precursors. Further investigation of synthetic 
routes to allyl precursors is required in this case to take advantage of the benefits of 
allyl as a leaving group during pyrolysis. 
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Electron Impact breakdown 
FVP is initiated by homolytic cleavage of the weakest bond in the molecule whereas 
El is governed by the position of lowest ionisation potential. While both 
intermediates then go on to lose other moieties as radicals the pathways must be 
different by virtue of the different initiation points. 
In the El spectrum for the majority of compounds tested, a peak coincident with the 
final FVP product is visible and many peaks from the suggested intermediates from 
FVP can also be seen. This may imply a similarity in mechanism but it is not valid to 
use this as proof for the pyrolysis mechanism illustrated earlier. 
While the intermediates of the two routes may be superficially similar there is no 
firm correlation between the efficiency of the FVP step and the intensity of the 
equivalent peaks in the El spectrum for each compound. 
For full El spectra see the relevant experimental section for the compound in 
question. 
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Scheme 79 
Initial ionisation of the molecule produces a delocalised cationic radical m/z = 342 
which then rearranges to lose a benzyl radical. The resultant carbocation m/z = 251 
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has various resonance structures including the sulfur-based cation 140 which 
abstracts the methyl group from an adjacent ester function before cyclising to the 
resultant carbocation m/z = 207. This carbocation is the base peak of the spectrum. 
This is unusual as it shows extrusion of carbon dioxide from an ester function and 
implies that the methyl group is initially transferred onto the sulfur. Loss of the 
methyl group from the sulfur as a radical produces a methyl 
benzo[b]thiophene-2-carboxylate cationic radical m/z = 192 which then loses a 
methoxy radical to produce a ketene cation ,n/z = 161 (Scheme 79). 
The apparent transfer of a methyl group from an ester function to the sulfur with loss 
of carbon dioxide was unexpected and so was investigated further. A deuteriomethyl 
version of 125 was synthesised 143 to confirm this breakdown pathway. The 
synthetic route used is shown in Scheme 80. 
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This took several steps, the first being preparation of deuteriated malonic acid 
dimethyl ester 142, after initial test reactions to synthesise malonic acid dimethyl 
ester 141. The deuteriated ester was was then taken through in a Knoevenagel 
reaction as before. Once purified 143 was then taken for ElMS and the breakdown 
pattern is shown in Scheme 81. 
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Deuteriated di-ester 143 
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Scheme 81 
The base peak is not shown in the scheme. It was m/z = 91(100%), equivalent to the 
benzyl cation which may be lost at the beginning of the breakdown. This is not 
unusual. It can clearly be seen that the deuteriated methyl is transferred to the sulfur 
as expected, showing that this unusual breakdown pathway is definitely the one 
followed during ElMS (Scheme 81). 
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Methyl 2-acetyl-3 - [(2-benzylsulfanyl)phenyllpropenoate 126 
_CO2Me 	 _CO2Me 
COMe 	r COMe 
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m1z=235(1.4%) 





m/z = 161(27%) 
Scheme 82 
One breakdown pathway of this compound initially follows that of methyl 
2-carbomethoxy-3 -[(2-benzylsulfanyl)phenyl]propenoate but with abstraction of a 
proton from the adjacent acetyl group and loss of ketene. This is shown by the 
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presence of the peak at m/z = 193 which coincides with the sulfur protonated methyl 
benzo[b]thiophene-2-carboxylate (Scheme 82). 
There appears to be another pathway visible which loses acetyl as its first step, but 
no further products from this breakdown were visible. 
The base peak is not shown as it was again equivalent to the benzyl cation commonly 




Ethyl 2-methyl-3 - [(2-allylsulfanyl)phenyl]propenoate 128 
Me 	 Me 

















- Me 00 m/z= 133 (100%) 
m/z = 148 (5 0%) 	Scheme 83 
The breakdown pathway followed by this compound mirrors that of the benzyl 
compounds shown before. Interestingly the methyl group of the ethyl ester is 
transferred to the sulfur to form 144 rather than transfer of the entire ethyl moiety 
with concurrent loss of carbon dioxide (Scheme 83). The main difference comes at 
the end of the sequence, where not only is a peak coincident with 
2-methylbenzo[b]thiophene m/z = 148 visible but one equivalent to subsequent loss 
of methyl is seen as the base peak m/z = 133. 
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m/z = 159(27%) 
Scheme 84 
The breakdown of this compound seems to follow the route illustrated in Scheme 84, 
although the intermediate corresponding to loss of benzyl 145 is not visible in the 
spectrum as expected. It is likely that the route followed is that illustrated by dotted 
arrows in the scheme in a similar fashion to those described previously. The 
remainder of the breakdown is as expected. Once again the base peak is equivalent to 
the benzyl commonly lost at the start of the breakdown. 
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Scheme 85 
Once again it appears that the expected pathway is followed as shown in Scheme 85 
although as seen with methyl 2-cyano-3-[(2-benzylsulfanyl)phenyl]propenoate the 
intermediate formed by loss of, in this case, the allyl group is not visible. The base 
peak in this case is m/z = 41 equivalent to the allyl cation commonly lost at the start 
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(X4S Scheme 86 
As might be expected the same pathway as before appears to be followed, although 
also visible is a small peak equivalent to loss of the entire thioallyl group m/z = 171. 
There is also a third pathway operating, where loss of the methoxy group to produce 
m/z = 203 is followed by loss of the allyl group to produce the ketene 146 m/z = 161. 
(Scheme 86) 
2.2 Indole derivatives 
Reason for examining and preparation of precursors 
As discussed in the introduction, prior work on benzene substituted systems had 
shown that it was possible to cyclise from a nitrogen-based radical onto a sulfur with 











It was also noted that if the reaction was approached from the sulfur-based radical 
route a similar reaction was seen with the major product again being 
benzoisothiazole. (Scheme 88)21 
While the second route (Scheme 88) was less efficient with more side products both 
produced the desired cyclisation in synthetically useful yields. 
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In order to investigate the generality of these reactions it was decided to extend this 
work from fused benzene systems to fused indole systems. This system was chosen 
for two reasons. 
Firstly as can be seen from the introduction little work had previously been done on 
radical centres joined to heterocyclic systems. This work will show the effects not 
only of the electron-rich substructure upon radical formation and cyclisation, but also 
of the geometry of the five membered ring. 
Secondly, if the sulfur/nitrogen bond formation seen previously remained successful 
under the influence of the fused indole it would provide a route to the natural product 







While the use of a sulfur radical is illustrated the route is expected to work equally 
well if a nitrogen-based radical is used. 
Brassilexin was initially isolated from the leaves of brassica juncea (Cruciferae) 
known as Indian or brown mustard. 52  This species is widely grown for the 
manufacture of mustard. 53 However it has many uses, especially after the extraction 
of oil from the seeds which is used for hair oil, lubricants and, in Russia, as a 
substitute for olive oil. There are also reports of a wide variety of medicinal uses. 54 
Brassilexin is also formed by fungal pathogens which detoxify a variety of 
phytoalexins which are produced in plants in response to several forms of stress. 
Prior syntheses of brassilexin have concentrated on mimicking the fungal 
biotransformation route as shown in Scheme 90. 55 56 
The yield of the initial reaction to produce 2-indolinethione 148 was not reported but 
the remainder of the reaction sequence has an overall yield of 64%. 
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Scheme 90 
The retrosynthetic route decided upon is shown in Scheme 91. Prior experience had 
shown that the best sulfur or nitrogen-based leaving group for these situations would 
be an aryl group. 
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As 2-phenylindole was commercially available a series of test reactions was run to 
see if the indolic system would adversely affect the properties of a radical produced 
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The formylation of 2-phenylindole proceeded in good yield of 
2-phenylindole-3-carbaldehyde 149 (89%) and the subsequent reaction with 
methoxyamine hydrochoride to yield 2-phenyl- 1 H-indole-3-carbaldehyde 
O-methyloxime 150 (100%). Pyrolysis was performed under standard conditions for 
oxime ethers with a furnace temperature of 700 °C and proceeded cleanly producing 
1 1H-indolo[3,2-c]quinoline as sole product in 91% yield. The product was taken 
directly from the trap, dissolved in deuteriochloroform and analysed by 'H and 13C 
NMR spectroscopy. These spectra were consistent with the proposed structure and 
the identity was confirmed by melting point analysis. 57 
This showed that the electron-rich nature of the heterocycle did not affect the 
cyclisation of iminyls to form 6-membered rings. 
It was decided that the preparation of 2-phenylsulfanylindole 152 should follow the 
route shown in Scheme 93 following literature precedent for the isomerisation of 
3 -phenylsulfanylindole 151 to 2-phenylsulfanylindole 152. 58 






The first step was performed using diphenyl disulfide and sodium hydride in dry 
DMF and proceeded in excellent yield. 59 The isomerisation of 
3-phenylsulfanylindole 151 to 2-phenylsulfanylindole 152 was performed by stirring 
at room temperature in TFA with subsequent purification by preferential 
recrystallisation or column chromatography depending on scale. 58  This step was not 
as successful on a large scale as suggested in the literature however a sufficient 
amount of 2-phenylsulfanylindole 152 was obtained to proceed with the next stage. 
The low yield was unexpected, however the heating required during recystallisation 
appeared to encourage the undesired isomerisation from 2—phenylsulfanylindole 152 
to 3-phenylsulfanylindole 151. Large-scale, dry flash column chromatography 
required several repetitions to purify 152 to a suitable degree. 
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The same formylation conditions as before were then applied to 2-thiophenylindole 
152 and the aldehyde 153 isolated in excellent yield. From this the oxime ether 154 
was simply prepared by reaction with methoxyamine hydrochloride also in excellent 
yield. (Scheme 94) 
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Characterisation of both the aldehyde 153 and the oxime ether 154 was by 'H and 
13C NMR as well as ElMS and accurate mass spectrometry. The mass spectrum 
showed no unusual breakdown patterns. 
A similar route was initially considered for the preparation of 2-thiobenzylindole 155 
but the initial substitution reaction to produce the 3 substituted indole is apparently 
only successful with a diaryldisulfide substrate. 
This is due to the stabilisation of the arenethiolate anion 156 produced during the 
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Scheme 95 
If the reaction is attempted with an alkyl disulfide the subsequent anion which would 
be produced (Scheme 96) is not stabilised and so the reaction does not proceed. 
ox S 
Scheme 96 
A one step literature synthesis of 2-chloroindole-3-carbaldehyde 158 from oxindole 
15760 was attempted to investigate the possible route shown in Scheme 97. The final 
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Scheme 97 
As an initial attempt at the first stage was unsuccessful this route was discarded in 
favour of a simpler strategy. 
Thus an alternate route was attempted as shown in Scheme 98. 
157 	I 	 148 	I 	 155 
H H H 
Scheme 98 
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The initial transformation of oxindole 157 to thioxindole 148 proved more difficult 
than expected. 
Initial literature searches suggested that by simply leaving oxindole 157 with 
Lawesson's reagent in a variety of solvents either with heating 61  or without 62  would 
provide a highly efficient route to thioxindole 148. Upon attempting this reaction the 
'H NMR spectrum of aliquots appeared to show new peaks which were thought to 
correspond to thioxindole 148. However when the experiment was worked up this 
was found to be incorrect. Lawesson's reagent appeared to be more sensitive to 
experimental variation than suggested. 
It was then decided to use phosphorus pentasulfide. Initial attempts using dry 
pyridine as a solvent 63  were unsuccessful, possibly due to contamination of the 
phosphorus pentasulfide. Another sample was obtained and the experiment repeated 
however it was again unsuccessful. Another route using phosphorus pentasulfide was 
then found with a similar reported yield. This utilised phosphorus pentasulfide in 
THF with sodium hydrogen carbonate and proceeded successfully with a yield of 
73%. 61 
The second step was performed using benzyl bromide with potassium carbonate and 
proceeded in reasonable yield (78%). Melting point and the 'H NMR spectrum were 
consistent with literature. 65  This was then followed by formylation as in the 







A simple condensation with aniline (Scheme 100) produced the required precursor 
160 in good yield (85%). 
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The proton attached to the nitrogen of the indole was not visible in the 'H NMR 
spectrum of 160, but the structure was confirmed by both ' 3C NMR and mass 
spectrometry. The mass spectrum breakdown does not show any peaks 
corresponding to brassilexin, but this is not unusual as formation of thermally 
obtained products under electron impact conditions does not happen on every 
occasion. The peak at m/z = 250 shows loss of both the benzyl group and the indolic 
hydrogen. There is then a peak at in/z = 218 equivalent to loss of the entire 
benzylsulfanyl group along with the indolic proton. The base peak of m/z = 93 may 
be due to an aniline cation and the final peak of m/z = 77 is due to the phenyl cation. 
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Pyrolysis and Results 
Pyrolysis of the oxime ether 154 did not yield brassilexin as expected. Instead a 
mixture of products was obtained. This was subjected to dry flash column 
chromatography and two products were obtained and characterised. These were 
found to be the carbonitrile and aldimine derivatives 162 and 163 respectively as 
shown in Scheme 101 in a ratio of 1 to 1.3. Comparison of the 'H NMR spectra of 
the products with the spectrum of the crude pyrolysate showed that the same ratio 
was apparent in the pyrolysate and wasn't created by losses during separation. The 
products were characterised by their 'H and ' 3 C NMR spectra along with accurate 









The aldimine 163 appears remarkably stable, surviving dry flash column 
chromatography under standard conditions. It's structure, confirmed as E by the high 
coupling constant of 13 Hz for the imine proton, suggests that there may be a 
hydrogen bond formed between the imine proton and the sulfur. In addition to this 
there are several resonance structures (Scheme 102) which will also stabilise the 
structure. There are few known compounds with the underlying structure 164 and 
103 
little is known about them (e.g. 3-methylsulfanyl-1,3-diphenyl-allylideneamine 66 or 
2-( 1 -imino-ethyl)-3 -(4-nitro-benzylsulfanyl)-3 -phenylamino-acrylic acid ethyl 
ester 67) as they appear to be relatively unstable. 
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Scheme 102 
It is not clear whether the aldimine 163 is formed along with the carbonitrile 162 by 
disproportionation of the iminyl radical 161 produced by loss of a methoxy radical 
under pyrolysis or whether the radical acquires a hydrogen atom from the wall of the 
furnace tube. In order to confirm the mechanism the aldehyde would need to be 
deuteriated. Thus if the product was formed via disproportionation it would also be 
deuteriated. However upon work up any such deuteriated product would be liable to 
hydrogen / deuterium exchange and so this was not attempted. 
It seems possible that both disproportionation and hydrogen acquisition both occur as 
this allows the ratio to be in favour of the aldimine. If no hydrogen acquisition were 
occurring the ratio of products would have to be 1 to 1. However if they were 
occurring equally the ratio would be expected to be 1 to 1.5 (carbonitrile 162 to 
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aldimine 163). So it appears that in this case disproportionation seems to be the 
preferred route. 
Pyrolysis of the thiobenzyl derivative also failed to produce brassilexin. Instead the 
loss of the benzyl radical was then followed by transference of the phenyl group via a 
Spiro intermediate 165 onto the sulfur and subsequent formation of both carbonitrile 
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Scheme 103 
In this case the final products were produced in a 1 to 1 ratio, measured from the 'H 
NMR of the crude pyrolysate. While this implies that the final step is purely due to 
disproportionation it does not confirm it totally. As before this would require 
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deuteriating the aldehyde to confirm that disproportionation was the only process 
taking place during this step. 
While the expected natural product brassilexin was not formed it is of interest to note 
several points about these reactions. Neither a 5,5 not a 5,7-fused system was 
formed. While the extra strain inherent in the 5,5-system may have prevented its 
formation, there is no such problem with the 5,7-system 166 illustrated in Scheme 
104. 
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Scheme 104 
Such 5,7-systems have been synthesised with some examples illustrated in Figure 1, 












6,5-systems have been synthesised from iminyls under FVP conditions as shown 
earlier in this work, however the extra strain caused by the presence of the two fused 
5 membered rings in brassilexin appears to prevent the cyclisation from occurring in 
this case. 5,7-systems were not formed and the reason for this is unclear. It is 
possible that this is due to their non-planar nature which may prevent suitable 
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overlap in the transition state for cyclisation to occur. However one example of a 
5,7-system being formed under FVP conditions is shown in Scheme 105, showing 
that the formation of the 5,7-system isn't precluded by FVP techniques. 45 
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Scheme 105 
All of the products formed are formed exclusively from the iminyl radical, rather 
than from the sulfur radical. This shows that while the system must pass through a 
spirodienyl intermediate it does so only in one direction. The radical can be 
transferred from the sulfur to the nitrogen, but not from the nitrogen to the sulfur as 
seen in the equivalent substituted benzenes as shown in the introduction 21 . 
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Further investigation of indole derivatives 
As shown in the introduction little is known about the behaviour of nitrogen-based 
radicals within heterocyclic frameworks. It was therefore of interest to investigate 
these reaction of a radical formed upon the nitrogen within the indole framework. 
It was therefore decided to produce a radical upon the nitrogen of a substituted indole 
to see whether it would cyclise onto a suitably placed aryl group or whether the 
cyclisation would proceed from the 3 position. As a reasonable route existed to 







An N-allyl group was chosen as the leaving group to generate the radical as this 
would ensure that the radical would be produced at a sufficiently low temperature to 
avoid any possibility of cleavage of the S-phenyl bond. It was also hoped that this 
would ease purification as byproducts would be lost upon work up. Had a benzyl 
group been used it was thought the additional production of bibenzyl would produce 
unnecessary complications during purification. 
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The radical would initially be produced as a (Y radical rather than a it radical and as 
such would not be able to transfer to the 3 position via resonance. There are three 
possible routes by which the transfer could occur. 
Firstly the initial step could be an allyl shift. Such allyl shifts have been observed in 
pyrroles 69  so it would appear likely that they could occur in indoles. Alkyl shifts in 
substituted indoles under pyrolysis conditions have been observed . 70 A 1,3-allyl shift 
may not occur, so it would have to be multiple 1 ,5-allyl shifts. Thus the apparent 
















In order to form the radical on the 3 position 168, the allyl group must be lost from 
there. This could occur at two occasions within the reaction scheme, either before or 
after the 1,3-hydrogen shift, although it is more likely that it would occur before the 
shift from the more strained intermediate 169. 
Secondly there could be multiple 1 ,5-sigmatropic shifts of the radical after it had 




Thirdly there is the possibility of the a radical 'leaking' into the it system, while 
there is no evidence for this occurring it is theoretically possible. 
There is evidence showing that shift of the radical after formation does not occur in 
pyrroles (Scheme 109).24  The sole product of this reaction was 170 in approximately 
65% yield. 
This suggests that the allyl shift would occur prior to radical formation if a product 
from the radical-based at the 3 position is formed. 
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Scheme 110 
Preparation of 3-phenylsulfanylindole 151 and 2-phenylsulfanylindole 152 was 
carried out as previously described. The allylation was performed using allyl 
bromide with potassium hydroxide in DMSO and proceeded in excellent yield 
(99%). The product 171 was characterised using NMR spectroscopy and mass 
spectrometry. The 'H NMR spectrum showed typical shifts for the ally! group at 
approximately 8H = 5.7, 5.0 and 4.8. This was then pyro!ysed at a furnace 
temperature of 750 °C, typical conditions for production of a radical from an allyl 
group. 
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The resultant crude 'H NMR spectrum of the pyrolysis of 171 is shown in Figure 2. 
Figure 2— 1 H NMR spectrum of crude pyrolysate from pyrolysis of 171 
While this shows a complex mixture of products the significant peak at around SH = 
3.2 shows that an unusual reaction has occurred. It was therefore decided to separate 
all components of the mixture. 
TLC showed six components in the mixture and the product was subjected to column 
chromatography. A total of 0.183 g crude pyrolysate was loaded onto the column and 
the eluant was ramped from 10% ethyl acetate in hexane to 100% ethyl acetate in 
steps of 10%. Six fractions equivalent to the six spots observed on the TLC plate 
were collected and initially analysed by 'H and ' 3 C NMR. 
Fraction 1. 0.018 g was collected. This was found to be diphenyl disulfide. The 1 H 
and 13 C spectra were in agreement with literature. 7 1  The most characteristic peak of 
= 7.50, a doublet with coupling constant J 8 Hz does not appear in the spectrum of 
the precursor 171. It must therefore have been formed during pyrolysis by initial loss 
of the entire thiophenyl moiety as a radical which then dimerised. This supports the 
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theory that the initial radical may be produced after an allyl shift, not by loss of an 
allyl moiety but by loss of a thiophenyl moiety as shown in Scheme 111. It is known 
that diaryl sulfides are stable under pyrolysis conditions up to a furnace temperature 
of 900 0C27  and so loss of the thiophenyl moiety would not occur from 171 under the 
conditions used. 
Scheme 111 
Fraction 2 and fraction 3. 0.013 g and 0.012 g were collected respectively. The 'H 
and ' 3 C NMR spectra showed them both to be mixtures of compounds which could 
not be positively identified. 
Fraction 4. 0.022 g. The 'El NMR spectrum showed this to be a mix of two 
compounds with one in the vast majority. The electron impact mass spectrum 
showed m/z (M, 223). This showed that the allyl group was not present and 
suggested two likely structures as shown in Figure 3 (172 and 172A). The 'H NMR 
spectrum obtained showed doublets with .1 8 Hz at 8H = 8.08 and 7.77 with integrals 
equivalent to 2 protons each. The remaining 4 protons from the proposed structure 
formed a multiplet with 8H = 7.20 - 7.50. This is consistent with a structure 
containing two 1,2 disubstituted aromatic rings. No singlet was present in the 'H 
NMR spectrum, suggesting that the compound would be 
6H-benzo[b]thieno[2,3-b]indole 172. The only literature mention of a 'H NMR 
spectrum for 172 found stated that there were no peaks below 8H = 772 It was then 
positively identified as 6H-benzo[b]thieno[2,3-b]indole 172 (Figure 3) from the 13C 






c (172) 8c literature - c (172) 6C literature 
141.16 (quat) 141.12 122.34 122.10 
139.96 (quat) 139.96 122.01 121.79 
138.44 (quat) 138.34 120.61 120.41 
132.62 (quat) 132.53 120.51 120.25 
125.05 124.86 118.89(quat) 118.64 
123.57 123.42 118.66 118.46 
122.60(quat) 122.46 111.35 111.32 
Table 14— 13C spectrum of 172 in comparison with literature 
As a final confirmation the melting point was taken and also found to be in 
agreement with literature. 72  This shows that a radical was present on the 3 position 
during the reaction and cyclised as expected onto the aryl group (Scheme 112). The 
minor compound was not identified. 
171 H 	 H 172 
Scheme 112 
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Fraction 6. 0.040 g. This was seen to be a complex mix of products by 'H NMR 
spectroscopy and identification of the compounds within it was not possible. 
Fraction 5. 0.030 g. This was seen to be pure by 'H and ' 3C NMR spectroscopy and 
contained the unusual aliphatic peaks seen in the crude pyrolysate. This was 
characterised using a combination of mass spectrometry and 2D NMR techniques. 
The spectra used are shown in appendix one. 
Notes on the analysis of the spectra are as follows: 
Accurate Mass - 265.09249. C 17H, 5NS requires 265.09249 This shows that the 
molecular formula has not changed during pyrolysis. 
'H NMR spectrum (appendix one) - This shows that there are several distinct groups 
within the molecule. 
The doublets B and C have similar structures but with different shifts, and seem to 
couple with the triplets D and E (all 1 proton). This implies a possible di-substituted 
benzene structure. 
J and K are C112's and do not seem to couple with any others, this implies a twisted 
framework with differing environments. 
F and G also appear to be coupled, with 2 protons each. Along with either H or I this 
implies a mono-substituted benzene ring in addition to the 1 ,2-disubstituted ring 
mentioned previously. 
' 3 C NMR spectrum (appendix one) - This shows 2 CH2's, 11 CH's and 4 quaternary 
carbons. This concurs with the accurate mass. 
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This leaves the nitrogen and one quaternary carbon to be placed. The chemical shifts 
of A and I are greatly different suggesting the nitrogen is attached to one of their 
carbons. Similarly the chemical shifts of B and C are greatly different suggesting the 
nitrogen is also attached to an adjoining carbon. 
This picture is confirmed by the COSY spectrum (appendix one) which shows again 
the four separate segments of the molecule. 
The NOESY spectrum (appendix one) shows that F is close in space to both K and I, 
with J being close to C. 







Clearly Z must either be the nitrogen or the remaining quaternary carbon atom. If it 
were the nitrogen that would leave the quaternary carbon to link the 2 bonds marked 
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x. As previously mentioned it seems likely that the nitrogen will link the two bonds 
marked with x. This is confirmed by the physical possibilities remaining. It is not 
possible to place the remaining quaternary carbon in this position. With Z as the 
quaternary carbon then the double bond linking A and I is in the wrong place and 
should be on the bonds leading away from the 2 carbons. This then leaves the 
nitrogen to complete the ring linking the two x's. with a double bond linking it to the 
carbon marked with proton A. 




This is also consistent with the data gleaned from the other spectra. 
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A suggested mechanism for the formation of this unusual molecule is shown in 
Scheme 113. 
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The final mechanism for radical production and subsequent reaction from 







It consists of an initial 1 ,5-allyl shifts which allow the loss of a phenylsulfanyl 
radical which then dimerises to diphenyldisulfide. No 2-thiophenylindole was found 
showing that the sulfur carbon bond breaks rather than the carbon carbon bond to the 
allyl group. If this loss does not occur the allyl undergoes another 1,5 shift onto the 3 
position. This is followed by loss of the allyl radical producing a radical on the 3 
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position. This can then cyclise along with a 1,3-hydrogen shift to produce 
6H-benzo[b]thieno[2,3-b] indole 172. 
1-allyl-3-thiophenylindole 174 was synthesised and pyrolysed under the same 
conditions as before. 
Initial examination of the crude pyrolysate showed similarity between both the TLC 
and 'H NMR spectra suggested that a similar set of reactions had taken place, 
however upon dry flash column chromatography the products decomposed and were 
unable to be analysed further. The crude 'H NMR spectra are shown in Figure 6 






Figure 6— Comparison of 1 H NMR spectra of crude pyrolysates of 2 and 
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As this implied a similarity between the reactions it was decided to pyrolyse 
2-thiophenylindole and 3-thiophenylindole individually under the same FVP 
conditions to see if the thiophenyl moiety would undergo a shift. However only 
starting material, indole and diphenyl disulfide were recovered from either 
experiment showing that no shift of the thiophenyl moiety occurred. As before the 
presence of diphenyl disulfide was shown in the 'H NMR spectrum, specifically the 
doublet with coupling constant J 8 at 8H = 7.50. It was confirmed from the ' 3C NMR 
spectrum where peaks for diphenyl disulfide were clearly visible and in agreement 
with literature. 
The presence of diphenyl disulfide suggests again that the hypothesis of a 1,5-shift 
occurring as illustrated in Scheme 115 is correct as this allows the loss of the 
thiophenyl moiety as a radical which can the dimerise. This loss is unusual as it has 
been seen that diaryl sulfides are stable under pyrolysis conditions up to a furnace 
temperature of 900 °C. 27 
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X-Ray crystal structures 
X-Ray crystal structures were obtained of 3-phenylsulfanylindole 151 and 
2-phenylsulfanylindole-3-carbaldehyde 153. 












The X-Ray crystal structures of 3-phenylsulfanylindole 151 	and 
2-phenylsulfanylindole-3-carbaldehyde 153 show no particularly unusual features in 
comparison with each other. However it is worth noting that the oxygen in 
2-phenylsulfanylindole-3-carbaldehyde 153 is angled away from the sulfur. This 
contrasts with the similarly substituted benzene 2-phenylsulfanylacetophenone 
(Figure 8)73  
C12 
Figure 8 
This shows that the change from a 6-membered supporting ring to a 5-membered 
supporting ring prevents the interaction between the oxygen and sulfur, presumably 
due to the increased strain of the nominal 5,5-system as opposed to the 6,5-system. 
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A similar lack of interaction may be responsible for the failure of the iminyl radical 
to cyclise forming a 5,5-system 147 while cyclisation to a 5,6-system 150 is 











2.3 Heterocyclic phenanthrene analogues 
Previous work within the group has seen the electrocyclisation of an acrylate ester 
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Scheme 117 
The reaction proceeds via an electrocyclisation followed by a 1,5-H shift to produce 
the intermediate 176 which can be identified in the spectra of reaction mixtures at 
low pyrolysis temperatures. This 1,5-shift acts as the driving force for this step by 
restoring the aromaticity of the benzene rings. If the reaction is performed at a higher 
temperature this intermediate then loses a hydrogen atom and the ester moiety to 
produce phenanthrene 177 in excellent yield (94%). 
This work was then expanded to investigate the requirements for ester loss. Work 
upon a less rigid system 178 (Scheme 118) showed only traces of styrene were 
produced suggesting that the ester loss may require the rigidity of the fused ring 
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system to occur. Further investigations are required to determine the precise 
mechanism of this reaction however at present it appears to rely on the specific 





It was decided to investigate the generality and synthetic scope of formation of the 
fused systems further by producing heterocyclic analogues. A one step literature 
preparation of a suitable precursor 179 was found 74 and so it was decided to 







R = H 179 











The R group could in principle be varied to investigate the effect of both electron 
withdrawing and donating substituents. 
As the initial ester compound is produced from the relevant aldehyde it was clear that 
this synthetic intermediate could easily be used for preparation of an oxime ether to 
investigate the equivalent radical cyclisation (Scheme 120). The R groups used were 
H and Me in order to allow elucidation of the mechanism of the proposed cyclisation 
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Scheme 120 
This work was then extended onto another fused ring system to produce naphtho[1,2-
b]thiophene precursors 187 and 188 and thieno[3,2-c]isoquinoline precursor 189 as 
shown in Scheme 121. Subsequent cyclisation would utilise both radical and 
















Preparation of Precursors 
Napthyridines and Naphtho[ 1 ,2-blthiophene precursors 
As previously mentioned the initial step involves a known one step process 74  to 
transform a tertiary alcohol into an aldehyde substituted pyridine subunit. The 
mechanism of this reaction is-based on the Vilsmeier reaction and is shown below. It 
can be adapted to use a suitably substituted alcohol to allow eventual elucidation of 
the cyclisation mechanisms. 
Initial production of the Vilsmeier reagent is as standard. Production of a 
















The starting alcohol is produced via Grignard addition to a suitable ketone (Scheme 
123), or is acquired from commercial sources. 
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Reaction of the 2-arylprop-2-ene with Vilsmeier reagent takes place to produce a 
multiply iminoalkylated bis(iminium) salt (Scheme 125). 
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Cyclisation in the presence of ammonium acetate is followed by hydrolysis to the 











The literature states an expected yield of around 60% for this complete reaction. 
Upon performing this reaction a yield of 61% was obtained on a 1 g scale, however 
upon scaling the reaction up to a 5 g scale the yield dropped to 47%. The product 
was characterised by 'H NMR spectroscopy and was in agreement with literature 
75 
showing the aldehyde proton as a singlet with oH = 10.01 and a singlet at 8H = 9.08 
which along with a doublets at 0H = 8.72 and 7.35 both with J 5 Hz are typical of the 
3 ,4-disubstituted pyridine. 
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Subsequent steps in the reaction scheme are dependent upon which route was to be 
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Scheme 127 
For the electrocyclisation route either a Knoevenagel or Wittig reaction was used to 
generate the relevant acrylate functionality. The radical precursor was prepared via a 
condensation reaction to produce the desired oxime ether. 
All were characterised using both 'H and ' 3C NMR spectroscopy. In the case of 181 
both E and Z-isomers were seen in the 'H spectrum, with the major being the 
E-isomer in a ratio of approximately 7 to 1 as measured from the proton ratios in the 
spectrum. The minor isomer was not visible in the 13C spectrum as it was lost within 
the noise. In the 1 H NMR spectrum of 182 the ratio of E to Z-isomers was also seen 
to be about 7 to 1. Once again only the E isomer was visible within the ' 3C NMR 
spectrum as only 2 CH3 signals were visible. 
Yields were excellent, with the Knoevenagel reaction almost quantatitive while 
purified Wittig products were obtained in yields of around 90%. 
The electron impact mass spectrum of the Knoevenagel product 183 showed m/z 
(M, 264, 45%). It also showed loss of the ester function (nilz 205, 100%) as well as 
a peak equivalent to the subsequent loss of the nitrile moiety (m/z 179, 14%). 
Similarly where R = Me 184 the base peak was seen to be equivalent to the loss of 
the ester moiety mirroring the expected thermal breakdown. 
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In the case of the condensation product 186 (R = Me) the mass spectrum showed a 
peak equivalent to the expected radical cyclisation product (m/z 194, 60%). M (226) 
had an intensity of 78% and the base peak was seen at m/z = 225. 
The naphtho [1 ,2-b]thiophene and thieno [3 ,2-c]isoquinoline precursors were prepared 
in a similar manner with the initial aldehyde being produced using a Suzuki coupling 
adapted from a literature method 76  as illustrated in Scheme 128. The reaction 




Scheme 128 	 190 
The aldehyde 190 was then taken on as before to produce precursors for both 
electrocyclic and radical cyclisations (Fig 9). 








Both Knoevenagel and Wittig reactions were performed upon the aldehyde 
producing 188 and 187. A condensation reaction produced the oxime ether 189. The 
'H NMR spectrum of the crude reaction product 187 showed two isomers as 
expected, again in a ratio of about 7 to 1 E (J 16 Hz) to Z (J 12 Hz). After dry flash 
column chromatography to remove the triphenylphosphine oxide the product was 
taken for full analysis, but lost due to an accident during NMR spectroscopy. 
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Yields were again excellent for both Wittig and Knoevenagel reactions. 
While the Suzuki coupling route is clearly more efficient than the Vilsmeier route it 
uses more sensitive and expensive materials. However these are used in lesser 
quantity and the reaction has an easier workup than the Vilsmeier. The workup for 
the Vilsmeier reaction involves large quantities of saturated ammonium acetate 
solution and as such may be unsuitable for preparation of large quantities of material. 
Both have scope for wide variation and the decision of which route to take for any 
particular precursor will depend upon the scale of preparation and the availability of 
suitable starting materials. 
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FVP - Electrocyclic mechanism 
Pyrolysis of all the compounds proceeded cleanly and in excellent yields (Scheme 
129, Table 15). The furnace temperature used for pyrolysis of the oxime ethers was 






















Precursor Pyrolysis Product Yield % 
181 191 97 
182 192 95 
183 193 93 
188 194 94 
Table 15— Results of pyrolysis utilising electrocyclic methodology 
All products were characterised by 'H and ' 3C NMR spectroscopy along with 
electron impact mass spectroscopy. In the case of benzo[/]isoquinoline 191 and 
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benzo [f]isoquinoline-6-carbonitrile 193 the spectra were consistent with literature 
77 
showing the typical high shift proton at the 4 position (Figure 10 for numbering) of 
= 9.13 for 191 (R = H) and 9.24 for 193. In the case of 4-cyanonaphtho[1,2-
b]thiophene 194 (Figure 10 for numbering) the 'H NMR spectrum was again 
consistent with the literature 78  the singlet of the proton in the 5 position was clearly 
visible at 8H = 8.64. The equivalent singlet from the precursor 188 oH = 8.42 was not 
present in the product spectrum. 
3 
2 N4 	 CN
6 M 10 	6 
8 9 
8 
Figure 10— Numbering method used for benzo[,]isoquinoline and 
cyanonaphtho[1 ,2-b]thiophene 
Benzo]isoquinoline 191 has been previously prepared using a similar technique 
(Scheme 0).79  
N 	 N 
Scheme 130 
This reaction was performed under pyrolysis conditions using a furnace temperature 
of 810 °C and a pressure of approximately 0.4 x 10.1  Ton, compared with 950 °C and 
approximately 102  Ton. The reported yield of benzo[/]isoquinoline after purification 
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was 33%. The reaction proceeds via a carbene intermediate. This clearly shows the 
efficacy of the additional ester moiety as a leaving group for such a reaction as this 
increases the yield to 97%. Even with the relatively low yield of precursor from the 
Vilsmeier reaction the electrocyclisation methodology developed using an ester 
moiety functionality as a leaving group provides a more efficient route into the 
benzoisoquinoline backbone. 
4-Cyanonaphtho[1,2-b]thiophene 194 has previously been prepared as shown in 








The first step of the reaction was performed with sodium ethoxide in 94% yield. The 
second step of the reaction proceeded in 88% yield using iodine under irradiation 
conditions. While the Knoevenagel preparation of the cyclisation precursor was more 
efficient in this case the pyrolytic electrocyclisation methodology is more efficient 
than the irradiation initiated electrocyclisation. 
As the expected products were the sole products of the reactions it shows the 
cyclisation proceeds as expected and follows the mechanism suggested before. It also 
shows that while loss of the ester moiety requires a rigid backbone to occur it is 
unaffected by the changes induced in its electronic makeup by the introduction of the 
cyano group as well as those induced by the introduction of both electron-rich and 
electron deficient heterocycles into the backbone. 
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This reaction proves to be a general and extremely clean process for the formation of 
such fused heterocyclic systems with a wide range of possible functionalisation 
available leading to a large number of novel compounds. 
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FVP - Radical Mechanism 
As with the electrocyclic reactions the radical cyclisations proceeded smoothly and 
in excellent yields (R = H 195 99%. R = Me 196 100%). In this case the presence of 
the methyl group did not allow precise elucidation of the mechanism. The two 
possible mechanisms are illustrated in Scheme 132. As the only products found were 
195 and 196 this shows that while the mechanism may proceed via a spirodienyl 
intermediate 197 the subsequent migration is only of the carbon nitrogen bond. 
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Products were characterised using 'H and ' 3C NMR spectroscopy along with electron 
impact mass spectrometry. 'H NMR spectra for both were consistent with their 
literature values 195 (Figure 11)80 and 19681. 
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Position l—öH=8.27dJ5 3 
N 
Position 2— H 8.86dJ5 2 
Position 4+5— 8H = s 9.32 and s 9.30 1 
Position 7—H=8.46dJ7 
Position 8—H=7.66tJ6 10 N6 
Position 9 - = 7.80 t J 6 9 7 
Position 10—H8.15dJ7 8 
Figure 11—Assignment of 1 H NMR spectrum of 195 
Where R = Me the singlet for the proton at position 7 was clearly visible with 8H = 
7.95 along with the singlet for the methyl protons at 8H = 2.56. 
Previous literature preparation of the naphthyridine backbone 195 is shown in 
Scheme 133.82 
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While this proceeds in 78% yield it involves many more expensive and sensitive 
compounds and so the less efficient, but more versatile Vilsmeier-based preparation 
is preferred. The byproducts are also far easier to separate and avoid the toxic tin 
compounds produced in Scheme 133. 
In the case of the isoquinoline 189 a spiro-intermediate 198 is possible. The reaction 
proceeds to the sole product 199 equivalent to direct cyclisation only showing that if 
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it does go via a spiro-intermediate it proceeds with 100% migration of the 











Previous synthesis of thieno[3,2-c]isoquinoline 199 has been performed utilising a 
similar route (Scheme 135).83 
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The initial step was performed using a Suzuki coupling and this was followed by an 
intramolecular condensation upon heating at reflux in ethylene glycol dimethyl ether. 
The synthesis proceeds with an overall yield of 90%. 
Further investigation is required to determine whether the cyclisation during 
pyrolysis goes via the spiro-intermediate 198 (Scheme 134). This could be 
investigated as shown in Scheme 136. If the reaction were to go via a spiro-
intermediate 200 then migration of both carbon nitrogen bonds would produce two 
different regioisomers 201 and 202. If the sole product was 201 then it would show 
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2.4 Dual Flash Vacuum Pyrolysis 
It has previously been seen that intermolecular reactions can occur during FVP and it 
has been assumed that these reactions take place in the gas phase in the hot zone of 
the furnace. However it is also possible that the reactions are occurring after the 
radicals have reached the liquid nitrogen cooled trap and been condensed. Upon 
warming they will regain freedom and be able to combine. The ideal method to test 
which of these hypotheses is correct would be to sample the gas flow at various 
points along the apparatus using a technique such as mass spectrometry and so get a 
direct measurement of the percentage of free radicals. However this is not possible 
with our apparatus and so an indirect method was chosen. 
By using an apparatus which allowed the independent production of different 
radicals which can combine intermolecularly within hot zones but combined these 
gas streams within the same liquid nitrogen cooled trap it would be possible to 
measure the percentage of reaction which occurs once the streams have mixed in the 
trap. 
As discussed in the introduction, the productions of bibenzyl and similar derivatives 
from the pyrolysis of oxalate ethers as shown in Scheme 137 is well known. 
Scheme 137 
If as discussed in the introduction this reaction does proceed via a radical mechanism 
it will provide an excellent investigative tool for the hypothesised crossover 
experiment. It is known that benzyl radicals generated by pyrolysis of benzyl 
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bromide can survive to be captured within a neon matrix in which they have been 
observed by EPR spectroscopy 84  and so they may be able to survive to the trap in our 
apparatus. 
The Cl2 signals in the 'H NMR spectra of bibenzyl 205, mono-p-methylbibenzyl 
207 and di-p-methylbibenzyl 206 are found at 8H  2.93, 2.90 and 2.87 
85  and so both 
bibenzyl and di-p-methylbibenzyl will be clearly identifiable utilising 'H NMR 
spectroscopy as well as the expected crossover product mono-p-methylbibenzyl. 
Initial experiments were carried out using the standard FVP equipment to test the 
hypothesis and fine tune the sublimation conditions required. Pyrolysis of equal 
amounts of dibenzyl oxalate and di-p-tolyl oxalate sublimed from the same inlet tube 
produced a combination of bibenzyl, mono-p-methylbibenzyl and di-p-
methyldimethylbibenzyl in ratios of 46: 36: 18. The relatively low amount of di-p-
methyldimethylbibenzyl is due to an alternative pathway which may be followed by 
a p-methylbenzyl radical, losing a hydrogen atom to generate p-xylylene 208 which 
polymerises. Therefore the maximum amount of cross over product is controlled by 
the available amount of p-methylbenzyl radical. Indeed the relative amounts of 
mono-p-methylbibenzyl and di-p-methyldimethylbibenzyl (36 : 18) are in a 2 : 1 
ratio which confirms that the reaction takes place in intermolecular fashion via 
benzyl radicals and not by an intramolecular collapse of the oxalate. 
In the dual pyrolysis experiment it was conjectured that beazyl and p-tolyl radicals 
would be produced in separate furnaces and the effluent collected within the same 
liquid nitrogen cooled trap. If the product collected from the trap consisted purely of 
a mixture of bibenzyl and di-p-methylbibenzyl then it is clear that the combination of 
radicals occurs solely within the gas phase. If there is a mixture of bibenzyl, di-p-
methylbibenzyl and mono-p-methylbibenzyl then it shows that a proportion of the 
combination is happening within the trap as illustrated in Scheme 138. Also 
illustrated is the secondary pathway which can be followed by p-tolyl radicals 
forming a polymer. 
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A dual flash vacuum pyrolysis apparatus was therefore designed. This utilises a trap 
with two entrances so that the effluent from 2 furnaces can be captured together. The 
design of the entrances to the trap is such that the gas flows are not directly in line to 
reduce to a minimum any possibility of mixing of the gas flows within the hot zone. 
The apparatus is illustrated in Figure 12. 
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Figure 12— Dual Flash Vacuum Pyrolysis Apparatus 
The dual pyrolysis equipment was then set up and the crossover experiments 
performed. It was assumed that the gas flow rate would affect the amount of radicals 
which were able to reach the trap without encountering another and combining. So it 
was decided to perform a variety of experiments altering both the back pressure and 
the flow rate. The former was varied by use of a mercury diffusion pump and the 
latter by careful control of the sublimation temperature. The reaction time was 
measured from the first appearance of product in the trap to the final sublimation of 
starting material. The furnace temperature was also altered to see the effect of the 
amount of energy the radicals were produced with upon the crossover ratio. 
The ratio of crossover product was measured from a 'H NMR spectrum of the 
collected mixture from the trap. The ratio shown is the ratio of proton signal for the 
CH2  of mono-p-methylbibenzyl 207 and di-p-methyldimethylbibenzyl 206. The 
results are shown in Table 16. 
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Expt. Time/mm P (approx)/Torr T'°C Ratio 207:206 (error ± 4%) 
1 21 10 2 800 6:94 
2 55 10 2 800 19: 81 
3 60 10 2 800 29:71 
4 61 10 2 800 28 :72 
5 86 10 2 800 43 : 57 
6 101 10 2 800 48 : 52 
7 15 10 2 950 25 : 75 
8 50 10 FTOFT  25 : 75 
Table 16— DFVP results 
These results show that while some combination is occurring within the trap at 
standard reaction conditions (Expt. 1) the majority is occurring within the gas phase. 
As the reaction time is extended the ratio of crossover product increases. This is due 
to the increased effective intermolecular distance produced as the flow rate reduces. 
These results are illustrated in Figure 13. This shows that while the percentage of 
crossover product increases over time it will never reach the statistical maximum of 
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Figure 13— Graph of crossover product v. reaction time 
The shape of the curve reflects the sum of energy distribution of the radicals. As the 
reaction time increases so the effective intermolecular distance increases. This means 
that a radical is less likely to encounter another on its way through the furnace. So it 
will require less energy to survive to the furnace end. The curve reflects this. At low 
reaction times only radicals of high energy survive to the trap hence a low percentage 
of mono-p-methylbibenzyl is formed. As the reaction time increases so the energy 
requirement for survival to the trap decreases and the number of radicals doing so 
increases as shown by an increase in the percentage of mono-p-methylbibenzyl 
formed. Thus the curve reflects the integral of the bell shaped energy distribution of 
the radicals when they are formed. 
If this theory is correct it would be expected that an increase in furnace temperature 
would lead to an increase in crossover product percentage. This is clearly the case as 
shown by Expt. 7 c.f. Expt. 1 (Table 20). A reduction in back pressure should also 
have the same effect as an extension of reaction time as both effectively increase 
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intermolecular distance. This is also shown to be correct by Expt. 2 c.f. Expt. 8 
(Table 20) though to a lesser extent. 
An interesting extension to this work would be to alter the one variable which was 
fixed throughout this set of experiments, the furnace length. The expected result of 
this should be much the same as altering reaction time. A reduction in tube length 
should be equivalent to an increase in reaction time as more radicals will survive to 
the trap and so the percentage crossover product should increase. 
The results of these experiments also have implications in other intermolecular FVP 
reactions, such as the trapping of a reactive intermediate by an external agent. When 
performed using apparatus such as ours the trapping agent for such reactions is 
normally added to the trap, avoiding the necessity of it being robust enough to pass 
through the hot zone. In order to increase the amount trapped and reduce any 
undesired intermolecular reactions the back pressure should be reduced, the reaction 




Instrumentation and General Techniques 
Nuclear Magnetic Resonance Spectroscopy 
'H NMR spectra were recorded on Bruker AC250 (250 MHz), Bruker AC200 (200 
MHz) and Varian Gemini 200 (200 MHz) spectrometers. ' 3C NMR spectra were 
obtained on Bruker AC250 (63 MHz) and AC200 (50 MHz) instruments. 
The Bruker AC250 was operated by Mr J.R.A. Millar, the Bruker AC200 by Mr 
W.G. Kerr and the Varian Gemini 200 by Mr A.A. Milligan. 
Unless otherwise stated spectra were recorded in deuteriochioroform. Chemical 
shifts (6H  and ö) are quoted in ppm and all coupling constants (J) are given in Herz 
(Hz) 
Mass Spectrometry 
Electron impact was the ionisation technique used unless otherwise stated. 
Both low and high resolution spectra were obtained on a Kratos MS50 TC instrument 
operated by Mr. A.T. Taylor. 
X-Ray crystallography 
X-Ray data was collected and solved by Dr S Parsons on a Stoe STADI-4 four circle 
diffractometer with graphite monochromator. 
Chromatography 
Thin layer chromatography was carried out on pre-coated aluminium sheets (0.2mm 
silica gel, Merck, grade 60) impregnated with a UV fluorescent indicator. 
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Dry flash chromatography was carried out on silica gel according to the principles set 
out by Harwood and Moody. 86  The crude materials were generally pre-absorbed onto 
silica gel prior to being loaded onto the column. 
CHN analysis 
Most novel compounds synthesised were unsuitable for CHN analysis and so 
accurate mass electron impact spectroscopy was employed. 
Solvents 
Commercially available solvents were used without further purification. Ether was 
dried by storage over sodium wire. Other dry solvents were obtained by storage over 
molecular sieves (4 A). 
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Figure 14— Standard FVP apparatus 
The apparatus used is illustrated in Figure 14 and is-based on the design of W.D. 
Crow of the Australian National University. The system is evacuated and pressure 
maintained at less than 2 x 102  Ton by an Edwards Model ED 100 high capacity oil 
pump and the pressure monitored between product trap and pump. A glass Buchi 
oven is used to heat the inlet tube as this allows the progress of the reaction to be 
monitored easily. The substrate passes through a silica tube (30 by 2.5cm) heated by 
a Carbolite electronically controlled laboratory tube furnace Model No MTF 
12/38/250. The product is captured in a liquid nitrogen cooled U-shaped trap. Once 
the reaction is finished, the pump is isolated and the trap allowed to warm up to room 
temperature under a dry nitrogen atmosphere. The product is then removed from the 
trap in CDC1 3 (for small scale pyrolyses going straight to NMR) or in DCM for 
further work up. If the product is particularly unstable the trap can be replaced by 
one cooled by a Cardice/Acetone mixture which allows the product to be dissolved 
into suitable solvents whilst still cold and taken straight for analysis. 
Controllable parameters are quoted as follows: Furnace Temperature (Tf), inlet 
temperature (T i), average pressure (P), mass of substrate (m) and total pyrolysis time 
(t). 
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Dual Flash Vacuum Pyrolysis Apparatus and Methods 
Front Elevation 
	 Side Elevation 
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ature Control Unit 
Figure 15— DFVP apparatus 
The apparatus used is illustrated in Figure 15. It is designed by the author and is an 
adaptation of the standard FVP systems in use in the University of Edinburgh. The 
system is evacuated and pressure maintained at less than 2 x 
10-2  Ton by an Edwards 
Model ED 100 high capacity oil pump and the pressure monitored between product 
trap and pump. Two glass Buchi ovens are used to heat the inlet tubes as this allows 
the progress of the reaction to be monitored easily and the temperature to be adjusted 
to ensure a simultaneous flow from either side. The substrates pass through silica 
tubes (30 by 2.5cm) each individually heated by a Carbolite electronically controlled 
laboratory tube furnace Model No MTF 12/38/250. The product is captured in a 
liquid nitrogen cooled U-shaped trap. Once the reaction is finished, the pump is 
isolated and the trap allowed to warm up to room temperature under a dry nitrogen 
atmosphere. The product is then removed from the trap in CDC13 (for small scale 
pyrolyses going straight to NMR) or in DCM for further work up. 
Controllable parameters are quoted as follows: Furnace Temperature (Tf), average 
pressure (P), mass of substrate (m) and reaction time (t). In general both furnaces 
will be kept at the same temperature and the inlet oven temperatures will be adjusted 
to give the desired flow rate of substrate. 
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NMR nuclear magnetic resonance 
811, Sc chemical shift 
DCM dichioromethane 
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TFA trifluoroacetic acid 









J coupling constant 
Hz hertz 
quat quaternary 
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DMSO dimethyl sulfoxide 
THF tetrahydrofuran 
DME dimethoxyethane 





2-Fluorobenzaldehyde (9.93 g, 80 mmol), benzyl mercaptan (9.94 g, 80 mmol) and 
potassium carbonate (11.10 g, 80 mmol) were stirred 
H 	
together under a nitrogen atmosphere and heated to 
OS
reflux in isopropyl alcohol (70 cm 3)  for 44 h. The 
reaction was followed by TLC. The mixture was then 
cooled and poured into water (200 cm 3)  producing a 
cream solid. The mixture was extracted into DCM, 
washed with water (2 x 75 cm3), dried over MgSO4, filtered and the solvent removed 
under reduced pressure. The residue was then recrystallised from toluene to yield 
2-benzylsulfanylbenzaldehyde 122 (14.20 g, 78%); mp 72 - 75 °C (lit. 87 75 °C); oH 
10.20 (1H, s), 7.76 (1H, d, J 8), 7.42 - 7.20 (811, m), and 4.02 (211, s) in agreement 
with literature. 21 
2-Allylsulfanylbenzaldehyde 123 
2-Fluorobenzaldehyde (6.20 g, 50 mmol), ally! mercaptan (3.70 g, 50 mmol) and 
potassium carbonate (6.90 g, 50 mmol) were stirred in 
0 
H 	
isopropyl alcohol (150 cm 3) under nitrogen at 60 °C. The 
- 	 reaction was followed by 'H NMR spectroscopy of 
aliquots which were removed, the solvent removed under 
reduced pressure, the residue dissolved in CDC13 and 
filtered. After 24 h the reaction was complete and the solvent removed under reduced 
pressure, the residue was dissolved in DCM, filtered, dried over MgSO4, filtered and 
the solvent removed, first under reduced pressure and finally using a high vacuum 
pump to give 2-allylsulfanylbenzaldehyde 123 (6.82 g, 77%) as a yellow liquid; b.p. 
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45 °C (2 Ton) decomposes during distillation. 8H  10.35 (111, s), 7.85 (1H, m), 7.62 - 
7.11 (311, m), 5.86 (1H, m), 5.26-5.11 (2H, m), and 3.55 (2H, d, J7); 8C 191.48, 
140.64 (quat), 134.29 (quat), 133.67, 132.26, 131.52, 129.28, 125.69, 118.53 (CH2), 
and 36.59 (CH2); m/z 178 (M, 20%), 149 (5), 137 (100), 109 (56), 77 (16), and 41 
(50); (Found: M 178.0448, C 1 0H100S requires M 178.0452) 
3 -(2-Benzylsulfanylphenyl)-2-cyanoacrylic acid methyl ester 124 
2-Benzylsulfanylbenzaldehyde 122 (1.14 g, 5 mmol) and methyl cyanoacetate 
CN 	(0.50 g, 5 mmol) were added to toluene 
(25 cm 3). 
Piperidine (9 drops) and glacial acetic acid (9 drops) 
~- 0O2W  were then added and the solution left at room 
temperature for 24 h. The reaction was followed by 
TLC. The mixture was then diluted with water (35 
cm3) and extracted with DCM (3 x 25 cm 3). The combined organic extracts were 
washed with water (3 x 25 cm 3), dried over MgSO4, filtered and the solvent removed 
under reduced pressure to produce a thick yellow liquid which crystallised over time 
as 3-(2-benzylsulfanylphenyl)-2-cyanoacrylic acid methyl ester 124 (1.01 g, 65%); 
mp 71 - 72 °C 8.66 (1H, s), 8.08 (1H, d, J 8), 7.60 - 7.10 (811, m), 4.05 (2H, s), 
and 3.96 (314, s); öc 160.27 (quat), 151.96, 139.50 (quat), 136.32 (quat), 135.08 
(quat), 131.56, 132.03, 130.27(2 CH), 129.25 (2 CH), 124.98, 114.74 (quat), 104.55 
(quat), 51.38 (CH3) and 40.23 (CH2); m/z 309 (M 17%), 174 (30), 159 (27), and 91 
(100); (Found: M 309.0823, C18H15NO2S requires M309.0823) 
2-(2-Benzylsulfanylbenzylidene)-malonic acid dimethyl ester 125 
2-Benzylsulfanylbenzaldehyde 122 (1.14 g, 5 mmol) and dimethyl malonate (0.66 g, 
CO2Me 5 mmol) were added to toluene (25 cm  3).  Piperidine (9 
drops) and glacial acetic acid (9 drops) were then 
CO2Me added and the solution was left at room temperature for 
S 	 24 h. The reaction was followed by TLC and was 
- 	 found to be incomplete so the mixture was then heated 
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under reflux overnight, forcing the reaction to completion. The mixture was diluted 
with water (35 cm. 3) and extracted with DCM (3 x 25 cm3). The combined organic 
extracts were washed with water (3 x 25 cm3), dried over MgSO4, filtered and the 
solvent removed under reduced pressure to produce a thick yellow liquid which 
crystallised over time as 2-(2-benzylsulfanylbenzylidene)-malonic acid dimethyl ester 
125 (1.60 g, 94%); mp 58 - 60 °C; 8H 8.20 (1H, s), 7.36 - 7.18 (91-1, m), 4.03 (2H, s), 
3.85 (31-1, s), and 3.72 (314, s); 8c  166.38 (quat), 164.11 (quat), 141.89, 136.80 (quat), 
136.58 (quat), 135.07 (quat), 131.92, 130.15, 128.71 (2 CH), 128.32 (2 CH + quat), 
128.27, 127.13, 127.07, 52.52 (CH3), 52.30 (CH3), and 39.61 (CH2); m/z 342 (M 
27%), 251 (49), 207 (100), 192 (53), and 161 (85); (Found: M 342.0926, C 1911 1 804S 
requires M 342.0934) 
2-(2-Benzylsulfanylbenzylidene)-3 -oxobutyric acid methyl ester 126 
2-Benzylsulfanylbenzaldehyde 122 (1.14 g, 5 mmol) and methyl acetoacetate 
COMe 	(0.58 g, 5 
mmol) were added to toluene (25 cm 3). 
Piperidine (9 drops) and glacial acetic acid (9 drops) 
CO2Me were then added and the solution was left at room 
S 	 temperature for 24 h. The reaction was followed by 
TLC but was found to be incomplete and so the 
mixture was heated under reflux for 3 h. The mixture 
was then diluted with water (35 cm3) and then extracted with DCM (3 x 25 cm). The 
combined organic extracts were washed with water (3 x 25 cm. 3), dried over MgSO4, 
filtered and the solvent removed under reduced pressure. The 'H NMR spectrum of 
the product showed a trace of starting materials and so the product was distilled 
using a Kugelrobr to produce a dark gel 
2-(2-benzylsulfanylbenzylidene)-3-oxobutyric acid methyl ester 126 (0.146 g, 7%) as 
a mixture of E and Z isomers ratio approximately 2 : 1; b.p. 140 °C at 0.5 Ton; oH 
(Major Isomer) 7.87 (111, s), 7.36 - 7.06 (91-1, m), 3.96 (2H, s), 3.65 (31-1, s), and 2.32 
(31-1, s); 8H  (Minor Isomer) 7.98 (1H, s), 7.36 - 7.06 (9H, m), 4.04 (21-1, s), (3.77 (311, 
s), and 2.09 (31-1, s)); Oc 140.61 (quat), 136.97 (quat), 132.46 (quat), 130.58 (quat), 
130.38 (quat), 128.74, 128.62 (2 CH), 128.41 (2 CH + quat), 128.26, 127.38, 127.24, 
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52.21 (CH3), 39.21 (CH2) and 26.44 (CH 3); m/z 326 (M 0.1%), 238 (4.8), 235 (1.4), 
193 (40), 161 (27), 134 (17), 115 (7), and 91 (100); (Found: M 326.0977, 
C19H1803S requires M326.0987) 
3 -(2-Allylsulfanylphenyl)-2-cyanoacrylic acid methyl ester 127 
2-Allylsulfanylbenzaldehyde 123 (0.178 g, 1 mmol) and methyl cyanoacetate 
CN 	
(0.099 g, 1 mmol) were added to toluene (5 cm3). 
-==<  CO2Me Piperidine (2 drops) and glacial acetic acid (2 drops) 
were then added and the solution left at room 
s -9 temperature for 2.5 h. The reaction was followed by 
TLC. Once the reaction was complete the mixture was diluted with water (10 cm 3) 
and extracted with DCM (3 x 20 cm 3). The combined organic extracts were washed 
with water (2 x 50 cm), dried over MgSO4, filtered and the solvent removed under 
reduced pressure to give 3-(2-allylsulfanylphenyl)-2-cyanoacrylic acid methyl ester 
127 0.251 g (97%); 8 H 8.81 (114, s), 8.06 (11-1, d, J7), 7.60-7.11 (311, m), 5.81 (111, 
m), 5.10-4.92 (211, m), 3.90 (311, s), and 3.50 (211, d, J 7); 8c 162.37 (quat), 152.92, 
138.90 (quat), 135.12 (quat), 132.39, 132.22, 131.42, 129.05, 126.92, 118.28 (CH2), 
114.74 (quat), 104.55 (quat), 53.08 (CH3), and 37.99 (Cl 2); m/z 259 (M, 16%), 227 
(13), 174 (98), 159 (82), 59 (77), and 41 (100) (Found: M 259.0667, C 14H,3NO2S 
requires M259.0663) 
3 (2Al1ylsulfany1phenyl)-2-methy1acrylic acid ethyl ester 128 
A solution of 2-(allylsulfanyl)benzaldehyde 123 (0.178 g, 1 mmol) and 
(carbethoxyethylidene)triphenylphosphOrafle (0.434 g, 
Me 
1.2 mmol) in toluene (50 cm) was heated under reflux 
rl~ CO2Et under a nitrogen atmosphere for 20 h. The reaction was 
followed by 'H NMR spectroscopy. Once the reaction 
was complete the reaction mixture was evaporated to dryness, adsorbed onto silica 
and subjected to dry flash column chromatography using 4.5% ethyl acetate in 
cyclohexane as the eluant to yield 3-(2-allylsulfanylphenyl)-2-methylacrylic acid 
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ethyl ester 128 (0.260 g, 99%) as a pale orange gel; 8H  7.85 (1H, s), 7.37-7.10 (4H, 
m), 5.79 (1H, m), 5.10-4.98 (2H, m), 4.3-4.2 (211, q), 3.46 (2H, d, J7), 1.95 (311, s), 
and 1.31 (311, t); 6c 167.93 (quat), 136.94, 136.29 (quat), 135.70 (quat), 132.90, 
129.47, 129.33 (quat), 129.30, 128.14, 125.60, 117.53 (CH2), 60.51 (CH2), 36.59 
(CH2), 14.03 (CH3) and 13.70 (CH3); m/z 262 (M, 7%), 221 (34), 208 (95), 163 
(88), 148 (50), 133 (100) and 109 (72) (Found: M, 262.1028. C 15H 1 802S requires M 
262.1028) 
3-(2-Allylsulfanylphenyfl-acrylic acid methyl ester 129 
A solution of 2-allylsulfanylbenzaldehyde 123 (0.178 g, 1 mmol) and 
(carbomethoxyinethylene)triphenylphosphoralle 
CO2
Me (0.521 g, 1.2 mmol) in toluene (50 cm 3)  was heated 
under reflux under a nitrogen atmosphere. The 
reaction was followed by 'H NMR spectroscopy of 
aliquots. After 24 h the reaction was complete and so the reaction mixture was 
evaporated to dryness, adsorbed onto silica and subjected to dry flash column 
chromatography using 10% ethyl acetate in cyclohexane as the elutant to yield 
3-(2-allylsulfanylphenyl)-acrylic acid methyl ester 129 (0.197 g, 84%) as a 
yellow gel; 8H  8.26 (111, d, J 16), 7.5-7.0 (4H, m), 6.34 (111, d, J 16), 6.0-5.71 (1H, 
m), 5.07-4.96 (2H, m), 3.77 (311, s), and 3.46 (2H, d, J7); 8c 166.86 (quat), 142.09, 
136.35 (quat), 135.44 (quat), 132.76, 131.59, 129.81, 126.81 (2 x CH), 119.31, 
117.73 (CH2), 51.44 (CH3), and 37.69 (CH2); m/z 235 (MH, 26%), 234 (M, 26), 
203 (21) 193 (82), 173 (4), 171 (3), 161 (48) and 134 (100) (Found: M, 234.0714. 
C 13H,402S requires M, 234.0709) 
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1 -(2-Allylsulfanylphenyl)-ethanone 130 
2-Fluoroacetophenone (5 g, 36 mmol), allyl mercaptan (3.20 g, 43.2 mmol) and 
Me 	
potassium carbonate (5.96 g 43.2 mmol) were heated at 60 
- o °C in isopropyl alcohol (130 cm 
3)  under a nitrogen 
atmosphere. The reaction was followed by 1 H NMR 
s- 	spectroscopy of aliquots. Over 170 h a total of 6 g allyl 
mercaptan and 12 g potassium carbonate were added until 
the reaction was complete. The solvent was then removed under reduced pressure, 
the remaining solid treated with DCM (100 cm 3),  filtered to remove potassium 
carbonate, dried over MgSO4 and evaporated to dryness to give 
1-(2-allylsulfanylphenyl)-ethanone 130 6.07 g (88%); 8H 7.75 (1H, d, J 9), 7.42 - 
7.32 (2H, m), 7.19 - 7.13 (1H, m), 5.96 - 5.80 (1H, m), 5.25 (111, d, J6), 5.13 (1H, d 
J 10), 3.45 (211, d J 6) and 2.58 (3H s); öc 199.19 (quat), 139.86 (quat), 135.56 
(quat), 132.63, 131.69, 130.46, 126.56, 123.87, 118.34 (CH 2), 35.51 (CH2), and 
28.30 (CH3); m/z 192 (M 25%), 151 (100), and 108 (22) (Found: M 192.0609, 
C 11 H 120S requires M192.0610) 
Attempted preparation of 3 (2-allylsulfanylpheny1)-2-cyano-but-2-enoic acid methyl 
ester 131 
1 -(2-Allylsulfanylphenyl)-ethanone 130 (0.192 g, 1 mmol) and methyl cyanoacetate 
Me 	CN 	
(0.099 g, 1 mmol) were stirred in toluene (5 cm 3) with 
1jJ1<CO2Me piperidine (2 drops) and glacial acetic acid (2 drops) 
overnight. The reaction was monitored by TLC and as 
it appeared to be proceeding slowly was heated under 
reflux with azeotopic removal of water. After a further 24 hours TLC showed no 
further change so the reaction was cooled. The mixture was then diluted with H2O 
(10 cm3) and the product extracted with DCM (3 x 20 cm). The combined organic 
extracts were washed with H20 (2 x 50 cm 3), dried over MgSO4 and the solvent 
removed under reduced pressure. TLC showed 3 distinct spots and the 'H NMR 
spectrum was inconclusive. The crude product was then subjected to dry flash 
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column chromatography using 20 % ethyl acetate in hexane as the eluant. The only 
identifiable materials recovered were 1 -(2-allylsulfanylphenyl)-ethanone and methyl 
cyanoacetate. No reaction had occurred. 
The reaction was repeated with titanium chloride added as a catalyst for the 
Knoevanagel reaction. 51 This was also unsuccessful. 
Attempted synthesis of 3-(2-Allylsulfanylphenyl')-but-2-enoic acid methyl ester 132 
A solution of (carbomethoxymethylene)triphenylphosphorane (0.521 g, 1.2 mmol) 
Me 	
CO2Me and 1 -(2-Allylsulfanylphenyl)-ethanone 130 (0.192 g, 
- 	 1 mmol) in toluene (50 cm 3)  was heated under a 
nitrogen atmosphere at reflux. The reaction was 
S- monitored by 'H NMR of aliquots. After 24 hours a 
new peak was seen within the 1 H NMR spectrum which was thought to be a methyl 
peak from 3-(2-Allylsulfanylphenyl)-but-2-enoic acid methyl ester. The reaction 
continued to be heated under reflux and monitored until no further change was 
observed within the 1 H NMR spectrum. The solvent was removed under reduced 
pressure and the crude product subjected to dry flash column chromatography using 
20 % ethyl acetate in hexane as the eluant. Only starting materials were recovered, 
no reaction had occurred. 
163 
Attempted synthesis of 3-(2-allylsulfanylphenyl)-but-2-enoic acid methyl ester 132 
Sodium (0.09 g, 4 mmol) was dissolved in ethanol (20 cm'). Methyl 
Me 	
CO2Et diethylphosponoacetate (0.70 g, 3.33 mmol) was then 
- 	 added and the mixture stirred for 30 min in an icebath. 
1 -(2-Allylsulfanylphenyl)-ethanone 130 (0.19 g, 1 
mmol) was then added with continued cooling. Once 
addition was complete the mixture was heated under reflux for 24 h. The reaction 
was monitored by 'H NMR. No product was found and the reaction was abandoned. 
Benzo [blthiophene-2-carbonitrile from benzyl 133 
FVP of 3(2benzylsulfanylphenyl)-2-cyanoaCryliC acid methyl ester 124. Tf = 750 
°C Ti = 160 °C P = 1.5 x 102  Ton in = 0.487 g t = 37 
mm. Two products were seen in trap upon warming to room 
~CN temperature, one liquid and one solid with a total mass 
0.184 g. 'H NMR spectroscopy showed that they both had 
precisely the same composition. Both ethyl benzene 8 H = 7.31 - 7.39 (5H, m), 2.75 
(211, qJ7)and 1.34 (3H, tJ7) and bibenzyl öH = 7.42-7.50 (1011, in) and 2.93 (411, 
s) were identified in the crude pyrolysate from the 'H NMR spectrum. The products 
were combined before being subjected to dry flash column chromatography (elutant 
20% DCM in hexane) which yielded benzo[b]thiophene-2-carbonitrile 133 as a white 
solid (0.092 g, 37%) oH 7.88 - 7.81 (3H, m), and 7.55 - 7.42 (211, m) in agreement 
with literature 88 ; 0c 141.03 (quat), 137.20 (quat), 134.81, 127.68, 125.53, 125.08, 
122.16, 114.30 (quat), and 109.39 (quat). 
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Benzo[blthiophene-2-carboxylic acid methyl ester from benzyl 134 
FVP of 2-(2-benzylsulfanylbenzylidene)-malonic acid dimethyl ester 125. Tf = 750 
°C, Ti = 160 °C, P = 3.3 x 10-2 Torr, m = 0.486 g, t = 40 
\ / \ 	
mm. Two products were seen in the trap upon warming 
S CO2Me to room temperature, one a yellow solid (0.230 g) and 
the other a pale yellow liquid. 'H NMR spectroscopy 
confirmed that the yellow liquid was mostly ethylbenzene while the solid was a 
mixture of bibenzyl and benzo[b]thiophene-2-carboxylic acid methyl ester 134. The 
solid was then separated by dry flash column chromatography (elutant 20% DCM in 
hexane for bibenzyl, 50% DCM in hexane for benzo[b]thiophene-2-carboxylic acid 
methyl ester) to yield benzo[b]thiophene-2-carboxylic acid methyl ester 134 
(0.134 g, 52%); mp 70 - 71 °C (lit. 89 72 - 73 °C); 8H 8.04 (111, s), 7.87 - 7.82 (211, 
m), 7.47 - 7.35 (2H, m), and 3.93 (31-1, s); öc 163.02 (quat), 141.97 (quat), 138.45 
(quat), 133.08 (quat), 130.41, 126.73, 125.33, 124.69, 122.52, and 52.27 (CH3); m/z 
192 (M, 100%), 160 (83), 132 (43), and 89 (78). 
2-Acetyl-benzo[blthiophene from benzyl 135 
FVP of 3(2benzylsu1fany1pheny1)-2-cyanoacrylic acid methyl ester 126. Tf = 750 
°C T1 = 160 °C P = 2.6 x 102  Torr, m = 0.146 g t = 65 
mm. Two products were seen in the trap upon warming 
S 	
to room temperature, one liquid and one solid. Both were 
seen by 'H NMR spectroscopy to be mixtures of 
2-acetylbenzo[b]thiophene 135, bibenzyl and ethylbenzene in different combinations 
with a combined mass of 0.060 g. Attempted separation by distillation using a 
Kugelrohr was unsuccessful. Yield of 2-acetyl-benzo[b]thiophene 135 calculated 
from NMR proton ratios from the spectrum of the crude pyrolysate 48%. 6H 7.99 
(1H, s), 7.55 - 7.42 (4H, m), 3.86 (3H, s) in agreement with literature values. 90 ; m/z 
176 (M, 100%), 144 (76), 116 (52) and 89 (68). Yield of ethylbenzene 10%, yield of 
bibenzyl 15% both calculated from NMR proton ratios from the spectrum of the 
crude pyrolysate. 
Ir& 
Benzolblthiophene-2-carbonitrile from ally! 136 
FVP of 3-(2-Allylsulfanyl-phenyl)-2-cyanoacrylic acid methyl ester 127. Tf = 750 °C, 
Ti = 160 °C, P = 1.5 x 102  Ton, m = 0.068 g, t = 20 mm. 
/ 	
A polymeric residue of mass 0.018 g remained in the inlet 
CN tube after pyrolysis. 'H NMR spectroscopy showed the 
product to be a one to one mixture of 
benzo[b]thiophene-2-carbonitrile 	136 	(spectra 	as 	before) 	and 
3-(2-fluorophenyl)-2-cyanoacrylic acid methyl ester 139 oH = 8.53 (1H, s), 8.41 (1H, 
t J 6), 7.48 (1 H, t J 6), 7.19 - 7.35 (2H, m) and 3.92 (3H, s) with the latter being a 
contaminant carried through from the starting material. The pyrolysate was subjected 
to dry flash column chromatography using 20% ethyl acetate in hexane as the eluant. 
The yield of benzo[b]thiophene-2-carbonitrile 136 was 0.017 g (42%). 
Benzo[blthiophene from allyl 137 
FVP of 3-(2-allylsulfanylphenyl)-acrylic acid methyl ester 129. Tf = 750 °C, Ti = 
100°C, P = 3.7 x 10 Ton, m = 0.160 g, t = 20 mm. 'H NMR 




cooled trap shows 17% 3-(2-allylsulfanyl-phenyl)-acrylic acid 
methyl ester 129 (spectra as before) with benzo[b]thiophene 137 
yield 0.068 g, (74%); mp 31-32 °C (lit. 9 ' 31 °C); 0H 7.79-7.67 (2H, m), and 7.29-7.18 
(4H, m) 92  in agreement with literature values. The pyrolysis was not repeated at a 
higher temperature as it had been seen that the cyclisation was successful. 
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2-Methylbenzo[b]thiophene from ally! 138 
FVP of 3-(2-allylsulfany!phenyl)-2-methy!acrylic acid ethyl ester 128. Tf = 750 °C, 
T1 = 100°C P = 1.5 x 102  Torr ,  m = 0.050 g t = 20 mm. 
The 'H NMR of the crude p;rolysate showed a small 
S 
Q:N,Me amount of starting material so the product was purified by 
dry flash column chromatography using 20% ethyl acetate in 
hexane as eluant to give 2-methylbenzo[b]thiophene 138 (0.025 g, 89%); mp 49-50 
°C (lit. 93 51 °C) 7.67 (1H, d, J 7), 7.57 (1H, d, J 9), 7.27 - 7.12 (211, m), 6.90 
(1H, s), and 2.50 (3H, s) in agreement with literature. 94 
FVP of 3-(2-allylsulfanylphenyl)-2-methylacrylic acid ethyl ester was repeated with 
an increased furnace temperature to ensure that no unreacted starting material was 
found in the product. Tf= 800 °C, Ti = 100°C, P = 1.5 x 10.2  Ton, m = 0.060 g, t = 
17 min gave 2-methylbenzo[b]thiophene yield 0.031 g, (9 1%). 'H NMR of the crude 
pyrolysis showed it to consist solely of 2-methylbenzo[b]thiophene. Spectra as 
above. 
2-Cyano-3 -(2-fluorophenyl)-acrylic acid methyl ester 139 
2-Fluorobenzaldehyde (0.124 g, 1 mmol) and methyl cyanoacetate (0.099 g, 1 mmol) 
CN were stirred in toluene (5 cm3) with piperidine (2 
CO2Me drops) and glacial acetic acid (2 drops) overnight. The 
reaction was followed by TLC. The mixture was then oz~,Icr  
diluted with H20 (10 cm3) and the product extracted 
with DCM (3 x 20 cm3). The combined organic extracts were washed with H20 (2 x 
50 cm3), dried over MgSO4 and the solvent removed under reduced pressure. The 'H 
NMR spectrum was recorded for elimination purposes. 8 H = 8.56 (111, s), 8.38 (1H, t 
J6), 7.56 (1H, tJ6), 7.22-7.34 (2H, m) and 3.94 (3H, s) 
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Malonic Acid Dimethyl Ester 141 
Synthesised to test route to deuteriated compound. Malonic acid (0.520 g, 5 mmol), 
iodomethane (1.562 g, 11 mmol) and potassium carbonate (1.518 g, 11 
CO 2Me 
mmol) were added to DMF (20 cm3) and stirred overnight at room 
<CO2Me temperature. The reaction mixture was then added to 1120 (70 cm 
3)  and 
extracted with diethyl ether (3 x 50 cm). The combined organic extracts were 
washed with H20 (2 x 50 cm 3), dried over MgSO4 and the solvent removed under 
reduced pressure to yield malonic acid dimethyl ester (0.158 g, 24%). 
The aqueous layer was acidified with 2M Hydrochloric Acid and saturated with 
sodium chloride. It was then extracted with diethyl ether (2 x 50 cm3) and the 
combined organic extracts washed with 1120 (2 x 50 cm 3), dried over MgSO4 and the 
solvent removed under reduced pressure to yield malonic acid dimethyl ester 
(0.280 g, 42%). 6H 3.68 (6H, s) and 3.33 (2H, s) in agreement with literature. 
95 
The combined yield was considered too low and so another route was sought. 
Malonyl Dichloride (0.720 g, 5 mmol), methanol (0.160 g, 5 mmol) and potassium 
carbonate (0.690, 5 mmol) were stirred overnight in diethyl ether (20 cm 
3). The 
reaction mixture was filtered and the solvent removed under reduced pressure to 
yield malonic acid dimethyl ester (0.540 g, 82%). 6H as before in agreement with 
literature. 95 
Malonic acid di[2H31methyl ester 142 
Malonyl dichloride (1.41 g, 10 mmol), [2 H41methanol (0.72 g, 20 mmol) and 
CO2CD3 potassium carbonate (2.76 g, 20 mmol) were stirred in diethyl ether 
(20 cm3). The reaction was followed by 'H NMR and found to be 
2 3 complete after 2 h. The reaction mixture was filtered, the residue 
washed with diethyl ether and the solvent removed under reduced pressure to yield 
Malonic acid di[2H3]methyl ester (1.30 g, 99%); 'H NMR showed only one peak as 
expected oH = 3.32; m/z 138 (M, 74%), and 44 (100); (Found: M, 138.0790. 
C5H2D606 requires M 138.0793) 
IFOU 
2-(2-Benzylsulfanylbenzylidene)-malonic acid di[213]methyl  ester 143 
Synthesised to investigate electron impact mass spectrometry breakdown pathway. 
CO2CD3 Di[
2H3]methyl malonic acid dimethyl ester (0.757 g, 
/  
5.5 mmol), 2-benzylsulfanylbenzaldehyde (1.25 g, 
CO2CD3 5.5 mmol), piperidine (9 drops) and glacial acetic aS7 	acid (9 drops) were heated at reflux with a Dean and 
Stark trap overnight in toluene (25 cm3). The reaction 
was monitored by 'H NMR spectroscopy observing 
reduction of the aldehyde proton. The reaction mixture was then added to H20 (50 
cm3) and the product extracted into diethyl ether (3 x 100 cm 3). The combined 
organic extracts were dried over MgSO4, filtered and the solvent removed under 
reduced pressure to yield 2-(2-Benzylsulfanylbenzylidene)-malonic acid 
di[2H3]methyl ester 143 (1.72 g, 90%); m/z 348 (M 11%), 257 (19), 213 (39), 195 
(26), 161 (28), 91(100); (Found: M, 348.1296. C 19H12D604S requires 348.1296) 
3.2 Indole Derivatives 
Thioxindole 148 
A solution of oxindole (0.266 g, 2 mmol) and Lawesson's reagent (0.404 g, 0.81 
mmol) in toluene (50 cm 3)  was heated at reflux for 5 h. 6 ' The 
reaction was monitored using 1 H NMR spectroscopy to 
/
N  observe the Cl2 peak and appeared to have gone to o 
approximately 50 % yield. The reaction was then repeated on a 
20 mmol scale. After 72 h 50 % extra Lawesson's reagent was 
added and the reaction continued for another 24 h. Upon workup no product was 
found. 
A solution of oxindole (1.80 g, 15 mmol) and phosphorus pentasulfide (3.30 g, 16.5 
mmol) in dry pyridine was heated at 85 °C under a nitrogen atmosphere for 24 h. 63 
The reaction was followed by 'H NMR. No product was formed. 
Oxindole (6.65 g, 0.05 mol), phosphorus pentasulfide (6.65 g, 0.03 mol) and sodium 
bicarbonate (8.4 g, 0.1 mol) were stirred in THF (75 cm) for 3 h under a nitrogen 
atmosphere at room temperature. 64  The reaction was seen to have reached 80% 
conversion by 'H NMR spectroscopy so more phosphorus pentasulfide (6.65 g, 0.03 
mol) and sodium bicarbonate (8.4 g, 0.1 mol) were added and the stirring was 
continued for another 3 h. Once complete the reaction was filtered and the solvent 
removed under reduced pressure. The residue was dissolved in H2O (100 CM 3) and 
the product extracted with CHC1 3 (3 x 75 cm3). The combined organic extracts were 
dried over MgSO4, filtered and the solvent removed under reduced pressure to yield 
thioxindole 148 (5.43 g 73%); oH 8.91 (1H, bs), 7.23 (2H, m), 7.20 (114, d J 7), 6.96 
(11, dj 7) and 3.53 (2H, s); 6 c 177.82 (quat), 142.35 (quat), 127.79, 125.15 (quat), 
124.47, 122.23, 109.67, 36.12 (CH2) in agreement with literature. 63 
170 
2-Phenylindole-3 -carbaldehyde 149 
Dry DMF (2.40 cm 3)  was cooled in ice before POC13 (0.86 cm 
3)  was added and the 
mixture stirred for 30 mm. A solution of 
0 
2-phenylindole (1.65 g) in dry DMF (3 cm3) was added 
over 1 h keeping the temperature below 10 °C. The 
mixture was then heated to 35 °C, stirred until it 
formed a paste and was added to iced water (12 g) 
ri 
followed by the slow addition of an aqueous solution 
of sodium hydroxide (3.75 g in 5 cm  H20). The resulting mixture was heated at 
reflux for 5 min before being placed in a fridge overnight. The mixture was then 
filtered, the solid washed with H20 (3 x 25 cm3) and air dried to yield 
2-phenylindole-3-carbaldehyde 149 1.685 g (89%); 8H 12.42 (1H, bs), 9.99 (1H, s), 
8.26 (111, d, J 7), 7.77 (2H, d, J 5), 7.60 - 7.52 (4H, m), and 7.33 - 7.22 (2H, m); 8c 
185.75, 149.32 (quat), 136.11 (quat), 130.06(2 x CH), 129.97, 129.97 (quat), 129.14 
(2 x CH), 125.97 (quat), 123.80, 122.64, 121.28, 113.68 (quat), and 112.21 in 
agreement with literature. 96 
2-Phenyl- 1 H-indole-3 -carbaldehyde O-methyloxime 150 
2-Phenylindole-3-carbaldehyde (0.442 g, 2 mmol) and methoxyamine hydrochloride 
OMe (0.210 g, 2.5 mmol) were heated at reflux in ethanol 
- N 	(10 cm 3)  for 2 h. The solvent was the removed under 
\ 	
reduced pressure and the residue treated with an 
/ 
N \ 	aqueous solution of sodium hydroxide (0.100 g in 10 
cm3). The product was then extracted using diethyl 
ether (3 x 15 cm 3),  the combined organic extracts were dried over MgSO 4 and the 
solvent removed under reduced pressure to yield 2-phenyl-]H-indole-3-carbaldehyde 
0-methyloxime 150 0.500 g (100%); 6H 8.57 (1H, bs), 8.45 (1H, s), 8.43 (1H, m), 
171 
7.44 - 7.30 (811, m), and 4.08 (3H, s) ; 8c 145.43, 140.82 (quat), 136.19 (quat), 
131.33 (quat), 128.89 (2 CH), 127.78 (2 CH), 125.22 (quat), 123.62, 122.92, 121.59, 
111.24, 111.11, and 106.37 (quat) ; m/z 250 (M 13), 219 (21), 192 (26), 115 (56), 
and 77(100); (Found: M, 250.1103 C 1 61114N20 requires M250.1106) 
FVP of 2-phenyl- 1 H-indole-3 -carbaldehyde O-methyloxime 
FVP of 2-phenyl-1H-indole-3-carbaldehyde O-methyloxime 150. Tf = 700 °C, T 1 = 
180 °C, P = 1.6 x 102  Ton, in = 0.064g. t = 35 mm 
N 	
gave 1 1H-indolo[3,2-c]quinoline (0.05 1 g, 91%); mp 
N / \ 338- 342 °C (lit. 57 339-341 °C) oH 12.76 (111, bs), 
9.60 (111, s), 8.54 (111, d J 7), 8.31 (111, d J 8), 8.15 
(111, d J 8), 7.64 - 7.97 (311, m), 7.49 (111, t J 7), and 
7.34 (11-1, t J 8); Oc  145.56 (quat), 144.98, 139.94 (quat), 138.94 (quat), 129.68, 
128.20, 125.88, 125.72, 122.27, 122.03 (quat), 120.78, 120.27, 117.25 (quat), 114.46 
(quat), and 112.04 in agreement with literature. 97 
3 -Phenylsulfanylindole 151 
Sodium hydride (1.80 g, 75mmol) was added slowly with stirring to dry DMF (150 
cm) followed by addition of indole (5.85 g, 50 
S 	 mmol). Diphenyl disulfide (11.99 g, 55 mmol) was 
\ / 	\ 	
then added in portions and the reaction stirred for 24 
N h. The reaction was then diluted with water (1200 
cm3) and the product extracted with diethyl ether (3 x 
170 cm3). The combined organic layers were dried 
over MgSO4, filtered and the solvent removed under reduced pressure. The residue 
was recrystallised from a toluene/hexane mixture to yield 3-phenylsulfanylindole 151 
(4.34 g, 39%). mp 151 - 153 °C (lit. 98 152 - 153 °C); 0H 8.34 (111, bs), 7.63 (2H, d, J 
8), and 7.55-7.0 (8H, m); Oc  139.07 (quat), 136.31 (quat), 130.57, 128.57 (2 CH), 




3-Phenylsulfanylindole 151 (4.34 g, 19mmol) was stirred overnight at room 
temperature in TFA (40 cm). The solvent was then 
	
/ \ 	
removed at room temperature on a high vacuum rotary 
s 	evaporator and the residue dissolved in diethyl ether. 
N 
The solution was washed with water (3 x 75 cm), dried 
\ 	over MgSO4 and the solvent removed under reduced 
pressure to yield crude 2-phenylsulfanylindole. This was 
then subjected to dry flash column chromatography using an elutant of 10% ethyl 
acetate in hexane to yield 2-phenylsulfanylindole 152 (0.410 g, 9.5%). mp 72 - 74 
°C (lit. 58  74 - 76 °C) 8H 7.98 (1H, bs), 7.83 (1H, d, J 8), 7.42-7.28 (8H, m), and 7.07 
(1H, )58; c 137.28 (quat), 136.57 (quat), 128.97 (2 CH), 128.09 (quat), 127.00 (2 
CH), 125.88, 124.72 (quat), 123.00, 120.47, 120.06, 111.27, and 110.78. 99  
2-Phenylsulfanyl- 1 H-indole-3-carbaldehvde 153 
The Vilsmeier reagent was prepared by the addition of POC13 (0.5 cm 
3) to dry DMF 
(1.5 cm 3)  with the temperature maintained at less than 
0 
5 °C. The mixture was stirred for 30 mm, followed by 
H 
the dropwise addition of a solution of C(N 	3,4s; 	2-phenylsulfanylindole 152 (0.880 g, 3.9 mmol) in dry 
I DMF (1 cm3). The reaction was then heated to 35 °C 
H 
with stirring until a paste was formed. The paste was 
then added to ice (2.4 g) and H20 (0.5 cm 
3), followed 
by the addition of an aqueous sodium hydroxide solution (1.75 g in 4.6 cm  H20). 
The subsequent mixture was heated to reflux for 2 min and then placed in a fridge 
overnight. The solid was filtered off, washed copiously with ice-cold water and air 
dried to yield 2phenylsulfanyl-]H-indole-3-CarbaldehYde 153 (0.900 g, 91%); mp 
171.5 - 174 °C; 8H 10.24 (1H, s), 8.76 (1H, bs), 8.25 (1H, d, J4), and 7.43 -7.07 
(814, m); 8c 185.35, 136.17 (quat), 131.63 (quat), 131.12 (2 CH), 129.83 (2 CH), 
173 
128.93 (quat), 128.51, 125.69 (quat), 124.30, 123.01, 120.91, 118.43 (quat), and 
110.82; m/z 253 (M 43), 224 (38), 144 (87), 115 (100) and 77 (57); (Found: M, 
253.0558. C 15H 11N0S requires M253.0561) 
2-Phenylsulfanyl- 1 H-indole-3 -carbaldehyde O-methyloxime 154 
2-Phenylsulfanyl-1H-indole-3-carbaldehyde 153 (0.506 g, 2 mmol) and 
OMe methoxyamine hydrochloride (0.2 10 g, 2.5 mmol) 
	
-N 	were heated at reflux in ethanol (10 cm) for 2 h. The 
\ / \ 	
solvent was the removed under reduced pressure and 
N 
S 	the residue treated with 0.25M sodium hydroxide (10 
CM) . The product was then extracted using diethyl 
ether (3 x 15 cm 3),  the combined organic extracts were 
dried over MgSO4 and the solvent removed under 
reduced pressure to yield 2-phenylsulfanyl-]H-indole-3-carbaldehyde 
0-methyloxime 154 0.520 g (92%) which decomposes upon distillation; 8H  8.65 (1H, 
bs), 8.57 (1H, s), 8.37 (111, m), 7.35 - 7.15 (8H, m), and 4.10 (311, s); 8c 144.90, 
137.53 (quat), 135.92 (quat), 129.82 (2 CH), 128.29 (2 CH), 128.87 (quat), 127.15, 
125.48 (quat), 123.18. 122.09. 124.94, 115.73 (quat), 111.49, and 62.44 (CH3) ; m/z 
282 (M 24), 224 (17), 173 (31), 115 (100) and 77 (72); (Found: M, 282.0830. 
C 1 6H14N20S requires M282.0827) 
174 
FVP of 2-phenylsulfanyl- 1 H-indole-3 -carbaldehyde O-methyloxime 
FVP of 2-phenylsulfanyl- 1 H-indole-3 -carbaldehyde O-methyloxime 154. Tf = 700 
°C, T1 = 240 °C, P = 1.3 x 102  Torr, in = 0.120 g, t = 55 mm. The product was found 
by 111 NMR spectroscopy to be a mixture of 2 compounds and these were separated 
by dry flash column chromatography using 10% ethyl acetate in hexane as eluant. 
Product 1 - 2-Phenylsulfanyl-]H-indole-3-carboflitrile 162. 0.017 g, 16%. 814 8.61 
(111, bs), 7.68 (1H, d J 8), 7.22 - 7.44 (811, m); c  137.32 
CN 	




s 	129.70 (2 CH), 128.49, 127.81 (quat), 124.59, 122.45, 
I 119.21, 114.83 (quat), 111.40, and 92.07 (quat); m/z 251 
H 
(M 39), 173 (28), 142 (23), 109 (16), 77 (68), and 45 
/ (100); (Found: M, 251.0643. C 15H10N2S requires M 
251.0643) 
Product 2 - C(2Phenylsulfanyl-1H-indol-3-Yl)-1flethYlefleamine 163. 0.022 g, 20%. 
- N 	511 
13.56 (1H, d J 13), 9.01 (1H, bs), 8.43 (111, d J 13), 
/ 	 H and 7.08 - 7.52 (914, m); 8c 150.17 (quat), 149.39, 
\ / s 	148.53 (quat), 141.34, 129.88 (2 CH), 127.32 (quat), 
125.61 (quat), 125.41, 124.20, 121.99, 117.52 (2 CH), 
b1l
109 
115.26, and 109.56 (quat); m/z 253 (M, 22), 237 (13), 
(26), 77 (56), and 45 (100); (Found: M, 253.0799. 
C 151112N2S requires M253.0799) 
2-Benzylsulfanvlindole 155 
Thioxindole 148 (3.0 g, 0.02 mol), benzyl bromide (3.4 g, 0.02 mol) and potassium 
carbonate (4.2 g, 0.03 mol) were stirred in 
acetone (45 cm 3). 65 The reaction was followed 
by 'H NMR spectroscopy. After 1 week the 
reaction was seen to be incomplete so more 
175 
potassium carbonate (4.2 g, 0.03 mol) and benzyl bromide (3.4 g, 0.02 mol) were 
added to the mixture and stirring was continued. After a total of 12 days the reaction 
was complete and the solvent removed under reduced pressure. The residue was 
dissolved in water (50 cm) and the product extracted into diethyl ether (3 x 35 cm 3). 
The combined organic extracts were dried over MgSO4, filtered and the solvent 
removed under reduced pressure to yield 2-benzylsulfanylindole 155 4.91 g (78%); 
mp 75 °C (lit. 15  76 °C); 8H 8.11 (1H, bs), 7.06 - 7.32 (9H, m), 6.62 (114, d J 5), and 
4.09 (2H, s) in agreement with literature. 65 
Attempted synthesis of 2-chloroindole-3-carbaldehyde 158 
As described in the literature 60  a Vilsmeier reagent was prepared by the addition of 
Co 
POC13 (5 cm 3)  to DMF (5 cm3) and CHC13 (5 cm 3) with the 
Cra temperature maintained below 5 °C. Dropwise addition of N this solution to a solution of oxindole (1.60 g, 13.33 mmol) 
in CHC13 (12.5 cm)containing pyridine (2.5 cm3) was 
followed by stirring at room temperature for 48 h. The 
mixture was then added to ice (25 g) and extracted with CHC13 (3 x 25 cm. 3). The 
combined organic extracts were dried over MgSO4, filtered and the solvent removed 
under reduced pressure. Analysis using 111  NMR spectroscopy showed no product 
had been formed. 
2-Benzylsulfanyl- 1 H-indole-3 -carbaldehyde 159 
Dry DMF (3 cm3) was cooled in ice before the addition of POC13 (0.120 g, 0.782 
0  mmol) with stirring. With the temperature 
maintained below 5 °C a solution of 
2-benzylsulfanylindole 155 (0.170 g, 0.711 
mmol) in DMF (2 cm 3)  was added. The mixture 
was stirred for 10 min then heated to 35 °C 
before being stirred for 1 h at room temperature. 
The solution was then added to water (5 cm. 3) and ice (7 g) followed by the addition 
176 
of a solution of sodium hydroxide (0.313 g, 7 mmol) in water (5 cm). The resulting 
mixture was heated under reflux for 2 min before being placed in a fridge overnight. 
The solid precipitate was filtered, washed with copious ice-cold water and air dried 
to yield 2-benzylsulfanyl-]H-indole-3-carbaldehyde 159 (0.189 g 100%); 8H 10.08 
(111, s), 9.52 (1H, bs), 7.18 - 7.39 (9H, m), and 4.18 (2H, s); 6c  190.45, 140.13 
(quat), 135.24, 133.60 (quat), 133.05 (CH quat), 130.75, 128.77, 128.50 (quat), 
128.01 (2 CH), 127.71 (2 CH), 127.57 (quat), 126.59, and 37.90 (CH2). 
(2-Benzylsulfanyl- 1 H-indol-3-ylmethylene)-phenylamine 160 
2Benzylsulfanyl-1H-indole-3-carbaldehyde 159 (0.189 g, 0.56 mmol) and aniline 
(0.052 g, 0.56 mmol) were heated under reflux 
/ 	
in ethanol (1 cm 3)  for 1 h. The solvent was 
removed under reduced pressure to yield 
(2-benzylsulfanyl-1 H-indol-3-ylmethylene)-phen 
yl-amine 160 (0.161 g, 85%); oH 8.54 (1H, s), 
7.31 (1H, d J 7), 7.05 - 7.31 (1011, m), 6.69 
(1H, d J 7), 6.61 (2H, d J 7), and 3.92 (2H, s); 
8c 159.47 (quat), 138.21 (quat), 129.74 (quat), 129.40 (2 CFI quat); 129.27 (2 CH), 
129.19 (2 CH), 128.15, 124.79, 124.78, 123.04 (quat), 122.45, 121.44 (CH quat), 
119.03 (CH2), 115.56 (2 CH), and 111.09; m/z 342 (M 16), 296 (9), 250 (63), 218 
(23). 193 (16), 148 (17), 121 (26), 93 (100), and 77 (58); (Found M, 342.1197. 
C22H18N2S requires 342.1191) 
FVP of (2-Benzylsulfanyl- 1 H-indol-3-ylmethylene)-phenvlamifle 
FVP of 	 160. Tf = 700 °C, 
T1 = 200 °C, P = 2.5 x 10.2  Ton, m = 0.107 g, t = 31 mm. The 'H NMR spectrum of 
the crude product showed it to be a mixture of at least 2 compounds so it was 
separated by dry flash column chromatography using 20% Ethyl acetate in Hexane as 
an elutant. This yielded 2 products; 
177 
Product 1 - 2-phenylsulfanyl-]H-indole-3-carbonitrile 162. (0.017 g, 22%)H 8.59 
(111, bs), 7.62 (1H, d J 8), 7.18 - 7.46 (811, m); 8c  137.42 (quat), 135.69 (quat), 
131.81 (quat), 131.11 (2 CH), 129.80 (2 CH), 128.42, 127.76 (quat), 124.61, 122.51, 
119.26, 114.87 (quat), 111.43, and 92.09 (quat) in agreement with those previously 
found. 
Product 2— C(2phenylsulfanyl]H-indol-3-yl)-methylenea'flifle 163. (0.017 g, 22%) 
oH 13.59 (111, d J 13), 8.65 (1H, bs), 8.49 (114, d J 13), and 7.02 - 7.41 (91-1, m); Oc 
150.27 (quat), 149.37, 148.50 (quat), 141.42, 129.90 (2 CH), 127.41 (quat), 125.91 
(quat), 125.53, 124.21, 121.89, 117.56 (2 CH), 115.38, and 109.78 (quat) in 
agreement with those previously found. 
1 -Allyl-2-phenylsulfanyl-1H-indole 171 
Potassium hydroxide (0.098 g, 1.75 mmol) was added to DMSO (10 cm 3) and the 
mixture stirred for 5 mm. 2-Phenylsulfanylindole 152 
/ 	\ 	
(0.400 g, 1.75 mmol) was then added and stirring 
s 	continued for 45 min at room temperature. Allyl bromide 
N 
I (0.212 g, 1.75 mmol) was then added and the mixture 
b1l mixture 
was stirred for another 45 mm at room temperature. The 
was then diluted with 1120 0 00 cm3) and the 
product extracted into diethyl ether (3 x 50 cm). The combined organic extracts 
were dried over MgSO4, filtered and the solvent removed under reduced pressure to 
yield 1-allyl-2-phenylsulfanyl-]H-indole 171 0.460 g (99%); 0H 7.70 (111, d, J 8), 
7.38 - 7.12 (81-1, m), 7.04 (111, s), 5.76 (1H, m), 5.06 - 4.90 (211, d of d), and 4.85 
(2H, d, J 5); Oc  137.98 (quat), 136.84 (quat), 133.00, 128.89 (2 CH), 127.30 (quat), 
126.72 (2 CH), 126.72 (quat), 125.77, 122.87, 120.77, 119.92, 116.52 (CH2), 112.20, 
110.37, and 45.90 (CH2); m/z 265 (M, 32%), 224 (42), 156 (4), 115 (76), 77 (72) 
and 41(100); (Found: M, 265.0923. C 17H 15NS requires M265.0925) 
178 
FVP of 1-Allyl-2-phenylsulfanyl-1H-indole (p1 to p6 
FVP of 3-(2-Allylsulfanyl-phenyl)-2-methyl-acrylic acid ethyl ester. Tf = 750 °C, Ti 
= 120 °C, P = 1.5 x 102  Ton, m = 0.442 g, t = 20 min gave a yield of 0.226 g 
consisting of a mixture of products which was separated by dry flash column 
chromatography eluting with 10% ethyl acetate in hexane. 
Product 1 - 0.018 g identified as diphenyl disulfide - yield 5%; 5H  7.50 (4H, d J 8) 




/ 127.34 and 127.05 in agreement with literature. 7 ' 
Product 2 - 0.013 g. Unidentified. The 1 H NMR spectrum appeared to show the 
product was made up of several components but none were able to be identified. 
Product 3 - 0.012 g. Unidentified. The 'H NMR spectrum showed this to be a mix of 
products in low concentration. None were identifiable. 
Product 4 - 0.022 g consisting of two components, one in vast majority. This was 
identified as 6H-benzo[b]thieno[2,3-b]indole 172, yield 
6%; mp 149°C (lit. 72149_  150 °C); 811 8.08 (2H, dJ8), 
" <]C P 7.77 (2H, d J 8) and 7.20 - 7.50 (411, m). The proton S 	attached to nitrogen was not visible in the spectrum. öc 
H 141.16 (quat), 139.96 (quat), 138.44 (quat), 132.62 
(quat), 125.05, 123.53, 122.60 (quat), 122.34, 122.01, 120.61, 120.51, 118.89 (quat), 
118.66, and 111.35 in agreement with literature 72 ; m/z 233 (M, 37%), 146 (28), 108 
(100) and 91(57). The minor component was not identified. 




For full identification of this compound see section 2.3 and appendix 1 of this work. 
H 8.80 (11-1, bs or d J4.4 in different spectra), 8.12 (111, d J 8.5), 7.88 (1H, d J 8.5), 
7.69 (1H, t J7), 7.55 (1H, t J7), 7.39 (2H, dJ7), 7.31 (211, t J7), 7.25 (1H, d J4.4), 
7.22 (111, m), and 3.30 - 3.42 (4H, m); 8c  150.52, 148.67 (quat), 146.43 (quat), 
135.92 (quat), 130.66, 130.44 (2 CH), 129.70, 129.51 (2 CH), 127.60 (quat), 127.01, 
123.53, 121.02, 34.53 (CE!2), and 32.41 (CH2); m/z 265 (M, 14%), 218 (50), 154 
(80), 109 (100), and 77 (43); (Found: M, 265.0925. C 1 7H15NS requires M265.0925) 
Product 6-0.040 g Unidentified mixture of compounds. 
1 -Allyl-3-phenylsulfanyl- 1H-indole 174 
Ground potassium hydroxide (0.280 g, 5 mmol) was added to DMSO (20 cm 3) and 
the resulting suspension stirred for 5 mm. 
S / \ 3-Phenylsulfanylindole 151 (1.125 g, 5 mmol) was 
\ / \ 	 then added and the mixture stirred for 45 min at room 
temperature, followed by the addition of allyl 
bromide (0.605 g, Smmol) and subsequent stirring for 
45 mm. The mixture was then extracted with diethyl 
ether (3 x 30 cm 3),  the combined organic extracts washed with H20 (3 x 100 cm 
3), 
dried over MgSO4, filtered and the solvent removed under reduced pressure. The 
reaction was found to be incomplete by 'H NMR spectroscopy and so the product 
was returned to DMSO (20 cm 3)  with potassium hydroxide (0.280 g, 5 mmol) and 
allyl bromide (0.605 g, 5 mmol) with stirring for lh. The extraction was then 
repeated to yield 1-allyl-3-phenylsulfanyl-]H-indole 174 (1.02 g 77%); 8H 7.71 (11-1, 
d J8), 7.07-7.46 (911, m), 6.04(111, m), 5.11 —5.34 (21-1, m), and 4.76 (2H, d J7); 
c 140.34 (quat), 137.61 (quat), 134.21, 133.17, 130.31 (quat), 130.19 (quat), 129.81 
(2 CH), 126.46 (2 CH), 125.12, 123.79, 120.64, 119.18, 118.17 (CH2), 110.19, and 
49.56 (CH2); m/z 265 (M, 28), 224 (42), 115 (51), and 41 (100); (Found: M, 
265.0925. C 17H15NS requires M265.0925) 
180 
FVP of 1 -allyl-3 -phenylsulfanyl- 1 H-indole 
FVP of 1-Allyl-3-phenylsulfanyl-1H-indole 174. Tf= 800 °C, T 1 = 200 °C, P = 2.0 x 
10 2  Ton, m = 0.077 g, t = 50 mm. The 'H NMR spectrum of the crude product was 
similar to that of the pyrolysis of FVP of 1 -allyl-2-phenylsulfanylindole however 
separation of products was unsuccessful by dry flash column chromatography. See 
discussion section 2.2 for details. 
FVP of 3-phenylsulfanylindole 
FVP of 3-phenylsulfanylindole 151. Tf= 800 °C, Ti = 120 °C, P = 1.0 x 102  Ton, m 
= 0.050 g, t = 45 mm. Products were analysed by 'H NMR spectroscopy and found 
to be solely a combination of 3-phenylsulfanylindole and indole in a ratio of 1 to 1. 
Spectra as before. No doublet at 8H = 7.83 was present, showing that 2-
phenylsulfanylindole was not formed. 
FVP of 2-phenylsulfanylindole 
FVP of 2-phenylsulfanylindole 152. Tf= 800 °C, T1 = 120 °C, P = 1.3 x 102  Ton, m 
= 0.040 g, t = 40 mm. The products were analysed by 'H NMR spectroscopy and 
found to be solely a combination of 2-phenylsulfanylindole and indole in a ratio of 1 
to 1. Spectra as before. No doublet at 6H = 7.65 was present, showing that 3-
phenylsulfanylindole was not formed. 
181 
3.3 Heterocyclic phenanthrene analogues 
4-Phenyl-pyridine-3-carbaldehyde 179 
The Vilsmeier reagent was synthesised by the addition of POC13 (3.74 cm, 40 
N 	mmol) to dry, ice cold DMF (50 cm3
) with stirring over a period of 
15 mm. This was then followed by the addition of a solution of 2- 
phenylpropan-2-ol (1.36 g, 10 mmol) in dry DMF (20 cm 
3)  over a 
period of 15 min maintaining the temperature below 5 °C. The 
mixture was then stirred for 10 min at room temperature and heated 
to 80 'C with stirring for 2 h. After the heating an excess of 
ammonium acetate (11.6 g, 30 equiv.) was added. The solution was then added to a 
saturated solution of potassium carbonate (1000 cm 3) and extracted with diethyl ether 
(3 x 100 cm3). The combined ethereal extracts were washed with water (3 x 100 
cm3), dried over MgSO4 and the solvent removed under reduced pressure. The 
residue was then subjected to dry flash column chromatography using 20 % ethyl 
acetate in hexane as the eluant to yield 4-phenyl-pyridine-3-carbaldehyde 179 (1.11 
g, 61%); mp 39-41 °C (lit. 75 40-41 °C); oH 10.13 (1H, s), 9.20 (1H, s), 8.86 (1H, d 
J 6), and 7.44 - 7.59 (6H, m) in agreement with literature. 00 
2-p-Tolylpropan-2-ol 
Magnesium (0.8 g, 0.03 mol) was added to dry diethyl ether (20 cm) under a 
OH 	
nitrogen atmosphere. Methyl iodide (4.67 g, 0.033 mol) was added 
Me 	Me dropwise and the mixture heated at reflux for 15 mm. This was 
followed by the dropwise addition of a solution of 1 -p-tolylethanone 
(4.02 g, 0.03 mol) in dry diethyl ether (10 cm 3) and the resultant 
solution heated at reflux for 10 mm. The mixture was cooled to 
Me 
	
	room temperature then added to ice (25 
g) and saturated ammonium 
chloride solution (30 cm 3). The ethereal layer was separated and the 
aqueous layer extracted with diethyl ether (3 x 25 cm 3). The combined organic 
182 
extracts were dried over MgSO4, filtered and the solvent removed under reduced 
pressure to yield 2-p-tolylpropan-2-ol (4.0 g, 89%); 8H 7.48 (2H, d J 6), 7.25 (2H, d J 
6), 2.44 (3H, s), and 1.67 (611, s) in agreement with literature. 101 
4-(4-methylphenyl)nicotinaldehyde 180 
The Vilsmeier reagent was synthesised by the addition of POd3 (3.74 cm 3, 40 
N 	mmol) to dry, ice cold DMF (50 cm 
3)  with stirring over a period of 
15 mm. This was then followed by the addition of a solution of 2-(4- 
methylphenyl)propan-2-ol (1.50 g, 10 mmol) in dry DMF (20 cm 3) 
o over a period of 15 min maintaining the temperature below 5 °C. 
The mixture was then stirred for 10 min at room temperature and 
heated to 80 °C with stirring for 2 h. After the heating an excess of 
Me ammonium acetate (11.6 g, 30 equiv.) was added. The solution was 
then added to a saturated solution of potassium carbonate (1000 cm 3) and extracted 
with diethyl ether (3 x 100 cm 3). The combined ethereal extracts were washed with 
water (3 x 100 cm3), dried over MgSO4 and the solvent removed under reduced 
pressure. The residue (0.703 g) was then subjected to dry flash column 
chromatography using 20 % ethyl acetate in hexane as the eluant to yield 
4(4methy1pheny1)nicotina1dehyde (0.235 g, 12%); oH 10.0 (111, s), 8.92 (1H, s), 
8.70 (114, dJ5), 7.31 (1H, dJ5), 7.20 (411, s), and 2.37 (3H, s); Oc 191.78, 153.46, 
152.85 (quat), 149.67, 140.19 (quat), 132.37 (quat), 129.92 (2 CH), 129.51 (2 CH), 
128.50 (quat), 125.19, and 21.63 (CH3) in agreement with literature 
74 ; m/z 197 (M, 
73%), and 168 (100) 
3 -(4-Phenylpyridin-3 -yl)-acrylic acid methyl ester 181 
4-Phenylpyridine-3-carbaldehyde 	179 	(0.183 g, 	1.00 	mmol) 	and 
O2Me 
(carbomethoxymethylene)triphenylPhOSphOrafle (0.521 g, 
1.2 mmol) were heated to reflux in toluene (50 cm 3)  under 
a nitrogen atmosphere for 6 h. The reaction was followed 
by 'H NMR spectroscopy. The solvent was removed under 
183 
reduced pressure and the residue purified by dry flash column chromatography using 
40% ethyl acetate in hexane as an elutant to yield 3-(4-phenylpyridin-3-yl)-acrylic 
acid methyl ester 181 (0.164 g, 69%); 8H(major isomer E) 8.56 (1H, bs), 7.61 (111, d 
J 16), 7.42 - 7.73 (414, m), 7.22 - 7.28 (3H, m), 6.49 (1H, d J 16), and 3.70 (3H, s); 
(minor isomer Z) 8.81 (111, bs), 7.42 - 7.73 (411, m), 7.22 - 7.28 (3H, m), 6.75 (111, d 
J 12), 6.00 (111, d J 12), 3.40 (3H, s); öc 166.56 (quat), 150.14, 149.24 (quat), 
148.36, 140.71, 137.07 (quat), 129.09 (2 CH), 128.47, 128.63 (2 CH), 128.37, 121.80 
(quat), 120.36, and 51.68 (CH3); m/z 239 (M, 27%), 180 (100), 152 (37), 127 (11) 
and 76 (19); (Found: M, 239.0944 C 15H13NO2 requires M239.0946) 
3-(4-p-Tolylpyridin-3 -yl)-acrylic acid methyl ester 182 
A solution of 4-(4-methylphenyl)nicotinaldehyde 180 (0.0985 g, 0.50 mmol) and 
N 	
(carbomethoxymethylene)triphenylphOsphOralle (0.200 g, 
I 	 0.60 mmol) was heated to reflux in toluene (25 cm 
3  ) 
under a nitrogen atmosphere for 4.5 h. The reaction was 
followed by 'H NMR spectroscopy. When the reaction 
02 Me was complete the solvent was removed under reduced 
pressure and the residue purified by dry flash column 
Me chromatography using 40% ethyl acetate in hexane as an 
elutant to yield 3-(4-p-tolylpyridin-3-yl)-acrylic acid methyl ester 182 (0.090 g, 
71%); s,-, (major isomer) 8.78 (111, s), 8.52 (111, d J 5), 7.62 (1H, d J 16), 7.01 - 7.24 
(5H, m), 6.40 (1H, d J 16), 3.70 (3H, s) and 2.35 (311, s) (minor isomer) 8.78 (1H, s), 
8.52 (1H, d J 5), 7.01 - 7.24 (511, m), 6.72 (111, d J 12), 5.97 (111, d J 12), 3.63 (3H, 
s) and 2.33 (311, s); ratio of E to Z 7 to 1; 6c  166.62 (quat), 149.99, 149.35 (quat), 
148.25, 140.94, 138.83 (quat), 134.08 (quat), 129.33 (2 CH), 129.03 (2 CH), 128.47 
(quat), 124.20, 120.12, 51.65 (CH3), 21.11 (CH3); m/z 253 (M, 23%), 194 (100), 
169 (92) and 91(68); (Found: M, 253.1103 C 1 6H,5NO2 requires M253.1103) 
184 
FVP of 3(4-p-tolylpyridin-3-y1)-acrylic acid methyl ester 
FVP of 3-(4-p-tolylpyridin-3-yl)-acrylic acid methyl ester 182. Tf = 950 °C, T 1 = 180 
°C, P = 2.0 x 102  Torr, in = 0.028 g, t = 36 min gave 8-methyl-benzo[fJisoquinoline 
192 (0.020 g, 95%); 8H 9.13 (1H, s), 8.63 (111, d J 5), 8.45 (1H, d J8), 8.28 (1H, d J 
6), 7.64 (2H, s), 7.47 (1H, s), 7.47 (1H, d J 8), and 2.56 (3H, s); 8c 151.41, 144.78 
138.79 (quat), 134.80 (quat), 133.59 (quat), 128.84, 128.23, 128.06, 126.61 (quat), 
126.14 (quat), 124.57, 122.99, 115.83, and 21.53 (CH3); m/z 193 (M, 46%), 167 
(38), and 76 (100); (Found: M, 193.0891 C 14H11N requires M 193.0891) 
2-Cyano-3 -(4-phenylpryidin-3 -yi) acrylic acid methyl ester 183 
4-Phenylpyridine-3-carbaldehyde 179 (0.183 g, 1 mmol) and methyl cyanoacetate 
(0.099 g, 1 mmol) were added to toluene (5 cm 3). 
Piperidine (2 drops) and glacial acetic acid (2 drops) were 
(NI 
	 then added and the solution left at room temperature for 24 
h. The reaction was followed by TLC. When the reaction 
P 	was complete the mixture was diluted with water (10 cm 3) 
CN 
and then extracted with DCM (3 x 20 cm 3). The combined 
organic extracts were washed with water (3 x 20 cm 
3), 
dried over MgSO4, filtered and the solvent removed under reduced pressure to yield 
2-cyano-3-(4-phenylpryidin-3-yl) acrylic acid methyl ester (0.190 g, 72%); 6H 9.26 
(1H, s), 8.70 (1H, d J 5), 8.13 (1H, s), 7.42 - 7.56 (3H, m), 7.37 (1H, d J 5), 7.21 - 
7.25 (211, m), and 3.85 (3H, s); 6c  162.24 (quat), 152.61, 152.55, 151.12 (quat), 
149.80, 136.47 (quat), 129.85, 129.59 (2 CH), 129.17 (2 CH quat), 124.41, 114.83 
(quat), 106.12 (quat), and 53.66 (CH 3); m/z 264 (M 45%), 249 (30), 205 (100) and 
179 (14); (Found: M, 264.0895 C 13H 1 2N20 requires 264.0899) 
185 
FVP of 2-cyano-3 -(4-phenylpyridin-3 -vi) acrylic acid methyl ester 
FVP of 2-cyano-3-(4-phenylpyridin-3-yl) acrylic acid methyl ester 183. Tf = 900 °C, 
T1 = 180 °C, P = 2.0 x 102  Ton, m = 0.0155g, t = 42 min gave 
benzo{j]isoquinoline-6-carbonitrile 193 (0.011 g, 93%); mp 196 - 197 °C (lit. 
102  196 
- 196.5 °C); oH 9.24 (111, s), 8.82 (111, d J 6), 8.39 (111, d J 6), 8.29 (111, s), 7.78 - 
7.86 (2H, m), and 7.40 - 7.48 (2H, m) in agreement with literature. 
77 
FVP of 3-(4-phenylpyridin-3-vl)-acrylic acid methyl ester 
FVP of 3-(4-phenylpyridin-3-yl)-acrylic acid methyl ester. Tf = 950 °C, T i = 120 °C, 
P = 5 x 10 Ton, m = 0.087 g, t = 45 mm. Yield of benzo[/]isoquinoline 191 (0.063 
g, 97%); mp 92°C (lit. 102  92— 94°C); 0H 9.13 (1H, s), 8.64 (1H, dJ7), 8.53 (1H, d 
J 9), 8.29 (1H, d J 6), 7.82 (1H, d J 6), 7.71 (211, d J 7), and 7.62 (211, t J 7); 0c 
150.95, 144.35, 134.21 (quat), 132.83 (quat), 128.09 (2 CH quat), 127.77, 126.51, 
126.31 (quat), 123.98, 122.5 5, and 115.43 in agreement with literature. 
77 
4-Phenylpyridine-3-carbaldehyde O-methyloxime 185 
4-Phenyl-pyridine-3-carbaldehyde 	179 (0.183 g, immol) and methoxyamine 
hydrochloride (0.105 g, 1 mmoi) were heated to reflux in 
N 	 ethanol (5 cm 3)  for 30 mm. The solvent was removed 
under reduced pressure and a solution of sodium 
hydroxide (0.050 g in water 5 cm 3)  was added to the 
N OMe residue. The product was extracted using diethyl ether (3 x 
10 cm 3),  the combined organic extracts dried over MgSO4, 
filtered and the solvent removed under reduced pressure to 
yield 4-phenylpyridine-3-carbaldehyde 0-methyl-oxime 185 (0.211 g, 99%); o- 9.05 
(ill, s), 8.52 (in, d J5), 7.94 (in, s), 7.36 - 7.39 (3H, m), 7.22 - 7.26 (2H, m), 7.15 
(111, dJ5), and 3.91 (3H s); Oc  150.03, 148.61 (quat), 148.10(2 CH), 145.44, 136.94 
(quat), 129.21 (2 CH), 128.82 (2 CE), 125.66 (quat), 124.23, and 62.34 (CE3); ,n/z 
186 
212 (M 34%), 180 (5), 168 (12), 154 (32), and 77 (100); (Found: M, 212.0948 
C 13H12N20 requires 212.0950) 
FVP of 4-phenylpyridine-3 -carbaldehyde O-methyloxime 
FVP of 4-phenyl-pyridine-3-carbaldehyde O-methyloxime. Tf = 700 °C, T j = 140 °C, 
P = 1.9 x 10.2 Ton, m = 0.190 g, t = 50 min gave benzo[c][2,7]naphthyridine 195 
(0.178 g, 99%); mp 141 °C (lit. 80  140 - 142 °C); 8H 9.32 (1H, s), 9.30 (1H, s), 8.86 
(1H, dJ5), 8.46 (1H, dJ7), 8.27 (1H, dJ5), 8.15 (1H, dJ7), 7.80 (1H, tJ6), and 
7.66 (1H, t J 6); 8c  152.84, 152.70, 149.60, 146.34 (quat), 137.94 (quat), 131.61, 
131.00, 128.39, 123.42, 122.62 (quat), 121.88 (quat), and 115.93 in agreement with 
literature. 80 
4-p-Tolylpyridine-3 -carbaldehyde O-methyloxime 186 
A solution of 4-(4-methylphenyl)nicotinaldehyde 180 (0.0985 g, 0.5 mmol) and 
N  methoxyamine hydrochloride (0.052 g, 0.5 mmol) was 
heated to reflux in ethanol (5 cm 3)  for 30 mm. The solvent 
was removed under reduced pressure and a solution of 
sodium hydroxide (0.025 g in water 5 cm 3)  was added to the 
- 
	
	OMe residue. The product was extracted using diethyl ether (3 x 
10 cm 3),  the combined organic extracts dried over MgSO4, 
Me 	 filtered and the solvent removed under reduced pressure to 
yield 4-p-tolylpyridine-3-carbaldehyde 	0-methyloxime 
(0.0832 g, 74%); 8H 9.02 (1H, bs), 8.50 (1H, bs), 7.94 (1H, s), 7.04 - 7.24 (5H, m), 
3.89 (3H, s), and 2.39 (3H, s); 8 c 149.71, 148.68 (quat), 148.40 (quat), 147.82, 
145.39, 138.61 (quat), 133.74 (quat), 129.25 (2 CH), 128.88 (2 CH), 123.96, 62.04 
(CH3), and 14.95 (CH3); m/z 226 (M, 78%), 225 (100), and 194 (60); (Found: M, 
226.1105 C 14H14N20 requires M226.1 106) 
187 
FVP of 4-p-tolylpyridine-3-carbaldehyde O-methyl-oxime 
FVP of 4-p-tolylpyridine-3-carbaldehyde O-methyl-oxime 186. Tf= 700 °C, T1 = 200 
°C, P = 1.5 x 10 2 Ton, m = 0.020 g, t = 38 min gave 
8-methylbenzo[c][2,7]naphthyridifle 196 (0.017 g, 100%); oH 9.29 (211, d J 6), 8.85 
(1H, dJ5), 8.35 (111, dJ8), 8.23 (111, dJ5), 7.95 (111, s), 7.51 (1H, dJ8) and 2.56 
(311, s); Oc 152.09, 152.02, 148.73, 145.81 (quat), 141.51 (quat), 137.21 (quat), 
129..84, 129.39, 122.42, 120.99 (quat), 118.56, 115.05 (quat), and 21.66 (CH3) in 
agreement with literature 81 
2-(2-thienyl)benzaldehvde 190 
2-lodothiophene (0.773 g, 3.68 mmol) and tetrakis triphenyiphosphine palladium 
(0.11 g) were stirred in DME (20 cm 
3)  for 20 mm. This was 
followed by the addition of a solution of sodium carbonate 
/ \ 	/ 	(0.35 g, 3.33 mmol) in water (5 cm3) along with 2- 
- S formyiphenylboronic acid (0.50 g, 3.33 mmol). The reaction 
mixture was then heated at reflux for 16 h. The solvent was then removed under 
reduced pressure and the residue extracted with DCM (3 x 25 cm3). The combined 
ethereal extracts were washed with water (3 x 25 cm 3), dried over MgSO4 and the 
solvent removed under reduced pressure to yield 2-(2-thienyl)benzaldehyde 190 
(0.60 g, 95%); 0H 10.38 (111, s), 8.19 (111, d J 7), 7.65 - 7.79 (411, m), 7.35 (1H, t J 
5), and 6.93 (1H, d J 5); Oc 191.91, 138.59 (quat), 137.88 (quat), 134.04 (quat), 
133.40, 131.18, 129.40, 128.45, 128.25, 128.06, and 127.57 in agreement with 
literature. 103 ,n/z 188 (M, 100%), 160 (79), and 115 (74) 
188 
2-(Thiophen-2-yl)benzaldehyde O-methyloxime 189 
A solution of 2-(2-thienyl)benzaldehyde 190 (0.0935 g, 0.5 mmol) and 
OMe methoxyamine hydrochloride (0.052 g, 0.5 mmol) was 
—N 	heated to reflux in ethanol (5 cm3) for 30 mm. The solvent 
/ \ 	/ 	
was removed under reduced pressure and sodium hydroxide 
(0.025 g in water 5 cm) was added to the residue. The 
product was extracted using diethyl ether (3 x 10 cm 
3),  the 
combined organic extracts dried over MgSO4, filtered and the solvent removed under 
reduced pressure to yield 2-(thiophen-2-y1)benzaldehyde 0-methyloxime 189 
(0.0945 g, 87%); 8H 8.19 (1H, s), 7.84 (111, d J 7), 7.29 - 7.36 (4H, m), 7.03 (111 d J 
5), 6.93 (1H, d of d J 3), and 3.87 (3H, s); 8c 147.72, 140.54 (quat), 134.22 (quat), 
131.91 (quat), 130.68, 129.44, 128.48, 128.28, 127.37, 126.46, 126.22, and 61.89 
(CH3). m/z 217 (M, 58%), 185 (100), 159 (23), and 82 (5); (Found: M, 217.0560 
C 12H,,NOS requires M217.0561) 
FVP of 2-thiophen-2-yl-benzaldehyde O-methyl-oxime 
FVP of 2-thiophen-2-yl-benzaldehyde O-methyl-oxime 189. Tf = 750 °C, T, = 200 
°C, P = 2.0 x 10.2 Ton, m = 0.055 g, t = 35 min gave thiophen[3,2-c]isoquinoline 
199 (0.040 g, 87%); 8H (DMSO) 9.34 (1H, s), 8.18 (d J 9), 8.05 (111, d J 8), 7.86 
(1H, t J 8), 7.87 (1H, d J 9), 7.63 (1H, d J 8), and 7.39 (1H, t J 8); 8c 147.62, 144.77 
(quat), 133.77, 131.94 (quat), 131.47, 131.78 (quat), 130.14, 129.05, 123.95 (quat), 
122.73, and 123.05 in agreement with literature. 83 
3-(2-Thiophen-2-yl)phenyl-acrylic acid methyl ester 187 
A solution of 2-(2-thienyl)benzaldehyde 190 (0.0935 g, 0.50 	mmol) and 
CO2Me (carbomethoxymethylene)tripheflYlphOsPhOrafle (0.200 g, 
0.60 mmol) was heated to reflux in toluene (25 cm 3) under a 
nitrogen atmosphere for 4.5 h. The reaction was followed 
by 'H NMR spectroscopy. Once the reaction was complete 
189 
the solvent was removed under reduced pressure and the residue purified by dry flash 
column chromatography using 40% ethyl acetate in hexane as an elutant to yield 
3-(2-thiophen-2-yl)phenyl-acrylic acid methyl ester 187 (0.067 g, 55%); Lost during 
NMR spectroscopy, data not recovered. 'H NMR of crude showed 2 isomers in 
approximately 7 to 1 ratio E to Z Identifiable peaks from spectrum 8H = 7.90 (1H, d J 
16), 6.38 (1H, d J 16), and 3.77 (3H, s) and 6H = 5.95 (11-1, d J 8), 3.58 (31-1, s). 
Remainder of the peaks hidden under triphenylphosphine aromatics. 
2-Cyano-3 -(2-thiophen-2-yl)phenyl-acrylic acid methyl ester 188 
A solution of 2-(2-thienyl)benzaldehyde 190 (0.094 g, 0.50 mmol) and methyl 
cyanoacetate (0.050 g, 0.50 mmol) was added to toluene (5 
	
/ 2 	cm). Piperidine (1 drop) and glacial acetic acid (1 drop) 
CN 	were then added and the solution left at room temperature 
\ 	/ 	for 2 h. The reaction was followed by TLC. Once the 
S reaction was complete, the mixture was diluted with water 
(10 cm3) and then extracted with DCM (3 x 10 cm 
3).  The 
combined organic extracts were washed with water (3 x 15 cm 3), dried over MgSO4, 
filtered and the solvent removed under reduced pressure. The product was then 
purified by dry flash column chromatography using 40% ethyl acetate in hexane as 
an elutant to yield acid methyl ester 188 
(0.112 g, 83%); 8H8.42 (11-1, s), 8.12 (1H, dJ7), 7.38-7.54 (4H, m), 7.08 (111, m), 
6.90 (111, d J 5), and 3.86 (31-1, s); 8c 162.66 (quat), 155.17, 140.22 (quat), 136.69 
(quat), 132.35, 130.63, 129.68 (quat), 129.35, 129.15, 128.08, 127.96, 127.66, 
115.19 (quat), 104.34 (quat), and 53.26 (CH3). m/z 269 (M, 45%), 209 (100), and 
183 (12); (Found: M, 269.0509 C 15H,1NO2 requires M269.051 1) 
FVP of 2-cyano-3 (2thiophen-2-yl-phenyl)-acrYlic acid methyl ester 194 
FVP of 	 acid methyl ester 188. Tf = 950 
°C, Ti = 180 °C, P = 2.5 x 102  Ton, m = 0.045 g, t = 31 min gave 
L'1i] 
4-cyanonaphtho[1,2-b]thiophene (0.033 g, 94%); 6H 8.64 (1H, s), 8.60 (111, d J 7), 
8.10 (111, d J 8), and 7.50 - 7.50 (411, m); 8c 138.19 (quat), 135.30 (quat), 132.39, 
130.28 (quat), 129.62, 129.39, 128.92 (quat), 127.14, 126.77, 123.63, 123.36, 117.86 
(quat), and 105.27 in agreement with literature. 78 
191 
3.4 Dual flash vacuum pyrolysis 
Oxalic acid dibenzyl ester 203 
Benzyl alcohol (2.385 g, 22.5 mmol) and triethylamine (3.03 g, 30 mmol) were 
0~'Y 
 
stirred in diethyl ether (200 cm  3)  with the 
temperature maintained below 2 °C. A 
solution of oxalyl chloride (1.27 g, 10 
mmol) in diethyl ether (50 cm  3)  was then 
added over 15 min keeping the 
temperature below 2 °C before the reaction was stirred at room temperature for 2 h. 
Enough water was then added to dissolve the white precipitate formed before the 
diethyl ether layer was separated. The remaining aqueous layer was extracted with 
diethyl ether (2 x 100 cm 3), the combined organic extracts dried over MgSO4, 
filtered and the solvent removed under reduced pressure to yield oxalic acid dibenzyl 
ester 203 2.602 g (96%); mp 79 °C (lit. 4 79 - 80 °C); oH 7.42 - 7.46 (1011, m) and 
5.37 (411, s) in agreement with literature. 4 
Oxalic acid bis-(p-methylbenzyl) ester 204 




were stirred in diethyl ether 
(200 	cm 3) 	with 	the 
temperature maintained 
below 2 °C. A solution of 
oxalyl chloride (1.27 g, 10 
mmol) in diethyl ether (50 cm 3) was then added over 15 min keeping the temperature 
below 2 °C before the reaction was stirred at room temperature for 2 h. Enough water 
was then added to dissolve the white precipitate formed before the diethyl ether layer 
was separated. The remaining aqueous layer was extracted with diethyl ether (2 x 
100 cm), the combined organic extracts dried over MgSO4, filtered and the solvent 
192 
removed under reduced pressure to yield oxalic acid bis-(p-methylbenzyl) ester 204 
2.620 g (88%); mp 99 °C (lit. 4 99 - 100 °C); 6H 7.32 (8H, m), 5.33 (4H, s), and 2.43 
(611, s) in agreement with literature. 4 
FVP of oxalic acid dibenzyl ester 
FVP of oxalic acid dibenzyl ester. Tf= 650 °C, Ti = 100 °C, P = 1.5 x 102  Ton, m = 
0.069 g, t = 25 min gave bibenzyl 205 as the sole product (0.040 g, 86%); 8H 7.10 - 
7.29 (10H, m) and 2.93 (411, s) in agreement with literature. 
85  Some starting material 
was visible in the spectrum of the product as the furnace temperature was not high 
enough to ensure complete reaction. 
FVP of oxalic acid bis-(4-methylbenzvl) ester 
FVP of oxalic acid bis-(4-methylbenzyl) ester. Tf = 650 °C, T i = 120 °C, P = 1.5 x 
10 2  Ton, m = 0.049 g, t = 25 min gave 4, 4'-dimethylbibenzyl 206 (0.017 g, 50%) 
along with an insoluble polymer; 4, 4' -dimethylbibenzyl oH 7.28 (8H, s), 2.87 (4H, 
s), and 2.33 (6H, s) in agreement with literature. 104 
Mixed FVP of oxalic acid dibenzyl ester and oxalic acid bis-(p-methylbenzyl) ester 
A standard inlet tube was prepared with two aluminium foil boats inside. Oxalic acid 
dibenzyl ester was placed in one while oxalic acid bis-(p-methylbenzyl) ester was 
placed in the other. The temperature of the furnace was set at 750 °C to ensure that 
no starting material remained in the products. Two experiments were performed, one 
at 120 °C and one at 140 °C to fine tune the inlet temperature required for 
controllable sublimation of the esters. 
FVP of oxalic acid dibenzyl ester (0.0549 g) and oxalic acid bis-(p-methylbenzyl) 
ester (0.0613 g). T= 750 °C, Ti = 120 °C, P = 1.6 x 102  Ton, t = 20 mm. 
193 
FVP of Oxalic acid dibenzyl ester (0.053 5 g) and Oxalic acid bis-(4-methylbenzyl) 
ester (0.0591 g). Tf= 750 °C, Ti = 140 °C, P = 3.0 x 102  Ton, t = 16 mm. 
Analyses of products by 'H NMR spectroscopy. The characteristic peaks at 8H  2.93, 
2.90 and 2.87 were measured to get the relative ratios of bibenzyl 205, mono-p-
methylbibenzyl 207 and di-p-methylbibenzyl 2O6. Both reactions produced ratio of 
46 : 36 : 18 showing that statistical mixing of benzyl and p-methylbenzyl radicals 
was occurring. 
194 
Dual FVP of oxalic acid dibenzyl ester and oxalic acid bis-(4-methyl-benzyl) ester 
The Dual FVP apparatus was set up with oxalic acid dibenzyl ester 203 in one inlet 
tube and oxalic acid bis-(p-methylbenzyl) ester 204 in the other. The inlet tubes were 
heated so as to sublime the compounds through their furnaces at comparable rates. 
Constant care was required to ensure that both substrates were sublimed at equivalent 
rates. The reaction time is listed from the first appearance of product within the cold 
trap and the end of the reaction. The product was dissolved into deuteriochioroform 
and analysed by 'H NMR spectroscopy. The ratio of mono-p-methylbibenzyl 207 oH 
= 2.90 to di-p-methylbibenzyl 206 8,-, = 2.87 was measured and is recorded. The 
experiment was repeated with varying rates of sublimation to alter the reaction time. 
It was also repeated with a lower pressure and higher furnace temperature. 
Expt Time mm. P (approx) T Tf °C Ratio 207 to 206 (error ±4) 
1 21 10 2 800 6:94 
2 55 10 2 800 19 : 81 
3 60 10 2 800 29 : 71 
4 61 10 2 800 28 :72 
5 86 10 2 800 43 : 57 
6 101 10 2 800 48 : 52 
7 15 10 2 950 25 : 75 
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Appendix 2 X-Ray crystal data 
Bond Lengths [A] and angles [deg] for 3-phenylsulfanylindole 151 
N(1)-C(7A) 1.373(3) C (7A) - N (1) - C (2) 109.6(2) 
N(1)-C(2) 1.375(3) C(3)-C(2)-N(1) 110.00(19) 
C (2)-C (3) 1.328(3) C (2)-C (3)-C (3A) 107.53 (19) 
C(3)-C(3A) 1.446(3) C(2)-C(3)-S 126.17(16) 
C(3)-S 1.751(2) C(3A)-C(3)-S 126.08 (16) 
C(3A)-C(4) 1.390(3) C (4) - C (3A) - C (7A) 119.05(18) 
C (3A) - C (7A) 1.414(3) C (4)- C (3A) - C (3) 134.6(2) 
C(4)-C(5) 1.376(3) C (7A) - C (3A) - C (3) 106.32(18) 
C(5)-C(6) 1.404(3) C(5)-C(4)-C(3A) 119.0(2) 
C(6)-C(7) 1.377(3) C(4)-C (5)-C (6) 120.9(2) 
C(7)-C(7A) 1.389(3) C(7)-C (6)-C(5) 121.6(2) 
S-C(8) 1.7785 (17) C(6)-C(7)-C(7A) 117.1(2) 
C(8)-C(13) 1.382(3) N (1) - C (7A) - C (7) 131.1(2) 
C(8)-C(9) 1.391(3) N (1) - C (7A) - C (3A) 106.58(19) 
C(9)-C(10) 1.380(3) C (7) - C (7A) - C (3A) 122.30(19) 
C(10)-C(11) 1.381(4) C(3)-S-C(8) 103.24(10) 
C(1l)-C(12) 1.385(3) C(13)-C(8)-C(9) 119.97(17) 






The angle of the plane of the indole to the plane of the phenyl group is 79.2 
0 
201 
Bond Lengths [A] and angles [deg] for 2Pheny1sulfanyl-1H-indo1e-3-Carba1dehYde 
153 
N(1)-C(2) 1.350(2) C(2)-N(1)-C(7A) 109.66(15) 
N(1)-C(7A) 1.387(2) N(1)-C(2)-C(3) 109.60(16) 
C(2)-C(3) 1.398(2) N(1)-C(2)-S 123.85(13) 
C(2)-S 1.7453(18) C(3)-C(2)-S 126.45(13) 
C (3)-C (14) 1.427(2) C (2)-C (3)-C (14) 124.87 (16) 
C (3)-C (3A) 1.443(2) C (2)-C (3)-C (3A) 106.41 (15) 
C(3A)-C(4) 1.397(3) C(14)-C(3)-C(3A) 128.41 (16) 
C(3A)-C(7A) 1.412(2) C (4) - C (3A) - C (7A) 119.07(16) 
C (4)- C (5) 1.382(3) C (4)-C (3A) - C (3) 134.49 (16) 
C (5)-C (6) 1.402(3) C (7A) - C (3A) - C (3) 106.43 (15) 
C(6)-C(7) 1.380(3) C(5)-C(4)-C(3A) 118.60(18) 
C(7)-C(7A) 1.389(3) C(4)-C(5)-C(6) 121.19(19) 
S-C(8) 1.7828(19) C(7)-C(6)-C(5) 121.47(18) 
C(8)-C(13) 1.384(3) C(6)-C(7)-C(7A) 117.08(18) 
C (8)- C (9) 1.386(3) N (1)- C (7A) - C (7) 129.61 (17) 
C(9)-C(10) 1.387(3) N (1) - C (7A) - C (3A) 107.85(15) 
C(10)-C(11) 1.379(3) C (7) - C (7A) - C (3A) 122.53(17) 
C(11)-C(12) 1.375(3) C(2)-S-C(8) 101.87(8) 
C(12)-C(13) 1.384(3) C(13)-C(8)-C(9) 120.40(18) 







0(14) - C (14)- C (3) 124.09 (18) 




Cadogan, J. I. G.; Hickson, C. L.; McNab, H. Tetrahedron 1986, 42, 2135. 
Leonard, E. C. Jr. .1 Org. Chem. 1967, 27, 1921. 
Trahanovsky, W.S.; Ong, C.C. Lawson J.A. I Am. Chem. Soc. 1968, 90, 2839. 
Trahanovsky, W. S.; Ong, C.C. Lawson J.A. J. Am. Chem. Soc. 1967, 89, 2287. 
Franz, J. A.; Camaioni, D. M. I Org. Chem. 1980, 45, 5247. 
Plater, M. J. Tetrahedron Lett. 1994, 35, 6147. 
Scott, L. T. Pure App!. Chem. 1996, 68, 291. 
Brooks, M. A.; Scott, L. T. I. Am. Chem. Soc. 1999, 121, 5444. 
Hagen, S.; Bratcher, M. S.; Erickson, M. S.; Zimmermann, G.; Scott, L. T. 
Angew. Chem. mt. Ed. Engl. 1997, 36, 406. 
McNab, H.; Murray, M. E. A. .1. Chem. Soc., Perkin Trans. 11989, 583. 
McCarthy, E.; O'Brien, K. J. Org. Chem. 1980, 45, 2086. 
Fields, E. K.; Meyerson, S. I Am. Chem. Soc. 1967, 89, 3224. 
Black, M.; Cadogan, J. I. G.; McNab, H.; Macpherson, A. D. ; Roddam, V. P.; 
Smith, C.; Swenson, H. R. I Chem. Soc., Perkin Trans. 1 1997, 2483. 
Cadogan, J. I. G.; Hutchison, H. S.; McNab, H. .1. Chem. Soc., Perkin Trans. 1 
1991, 385. 
Britt, P. F.; Buchanan III, A. C.; Cooney, M. J.; Martineau, D. R. I Org. Chem. 
2000, 65, 1376. 
Davis, F. A.; Panunto, T. W.; Awad, S. B.; Billmers, R. L.; Squires, T. G. I 
Org. Chem. 1984, 49, 1228. 
Brown, A.; McNab, H. Unpublished work. 
Aitken, R. A.; Bums, G. I. Chem. Soc., Perkin Trans. 11994, 2455. 
Aitken, R. A.; Armstrong, D. P.; Mesher, S. T. E. Tetrahedron Lett. 1994, 35, 
6143. 
Cadogan, J. I. G.; Hickson, C. L.; McNab, H. I Chem. Res. (5) 1983, 243. 
Creed, T.; Leardini, R.; McNab, H.; Nanni, D.; Nicolson, I. S.; Reed, D. I 
Chem. Soc., Perkin Trans. 1 2001, 1079. 
Reartes, N. R.; Yranzo, G. I.; Perez, J. D.; Iwataki, I.; Adachi, H. I Anal. App!. 
Pyrol. 1995, 32, 161. 
Cartwright, D. D. J.; Clark, B. A. J.; McNab, H. I Chem. Soc., Perkin Trans. 1 
204 
2001, 424. 
Borthwick, S.; Foot, J.; McNab, FL Unpublished work. 
Harvey, R. G. Polycyclic Aromatic Hydrocarbons, Cambridge University 
Press, Cambridge, 1991. 
Tanga, M. J.; Bupp, J. E. J. Org. Chem. 1993, 58, 4173. 
Cadogan, J. I. G.; Hutchison, H. S.; McNab, H. Tetrahedron 1992, 48, 7747. 
Scott, L. T.; Boorum, M. M.; Mcmahon, B. J.; Hagen, S.; Mack, J.; Blank, J.; 
Wegner, H.; De Meijere, A. Science 2002, 295, 1500. 
Dagani, R. Chem. Eng. News 2002, 80, 7. 
McNab, H; Wharton, S.I. Unpublished work. 
Black, M.; Cadogan, J. I. G.; McNab, H. I Chem. Soc., Chem. Commun. 1990, 
395. 
Dowd, P.; Choi, S. C. Tetrahedron Lett. 1989, 30, 6129. 
Baldwin, J. E.; Adlington, R. M.; Robertson, J. .1. Chem. Soc., Chem. Commun. 
1988, 1404. 
Mclellan, J. F.; McNab, H.; Muir, T. W. I Chem. Soc., Chem. Commun. 1993, 
839. 
Black, M.; Cadogan, J. I. G.; Cartwright, G. A.; McNab, H.; Macpherson, A. D. 
I Chem. Soc., Chem. Commun. 1993, 959. 
Cartwright, G. A.; McNab, H. J. Chem. Res. (5) 1997, 296. 
Cadogan, J. I. G.; Hickson, C. L.; Hutchison, H. S.; McNab, H. I Chem. Soc., 
Perkin Trans. 11991, 377. 
Leardini, R.; McNab, H.; Naiini, D.; Parsons, S.; Reed, D.; Tenan, A. G. .1. 
Chem. Soc., Perkin Trans. 1 1998, 1833. 
Leardini, R.; McNab, H.; Minozzi, M.; Nanni, D.; Reed, D.; Wright, A. G. I 
Chem. Soc., Perkin Trans. 12001, 2704. 
Hickson, C. L.; McNab, H. I Chem. Soc., Perkin Trans. 1 1984, 1569. 
Black, M.; Cadogan, J. I. G.; Leardini, R.; McNab, H.; McDougald, G.; Nanni, 
D.; Reed, D.; Zompatori, A. I Chem. Soc., Perkin Trans. 1 1998, 1825. 
Cadogan, J. I. G.; Hutchison, H. S.; McNab, H. I Chem. Soc., Perkin Trans. 1 
1987, 1407. 
Calestani, G.; Leardini, R.; McNab, H.; Nanni, D.; Zanardi, G. I Chem. Soc., 
205 
Perkin Trans. 1 1998, 1813. 
Black, M.; Cadogan, J. I. G.; McNab, H. J Chem. Soc., Perkin Trans. 1 1994, 
155. 
MacPherson, A. D. PhD Thesis, The University of Edinburgh 1994. 
Milligan, A. A. PhD Thesis, The University of Edinburgh 2003. 
Dack, K. N.; Dickinson, R. P. Benzothiophene derivatives useful in therapy 
U.S. Patent 6040309 Filed 03/12/98 
Kasmai, H. S.; Mischke, S. G. Synthesis 1989, 763. 
McNab, H.; Nicolson, I. S. Unpublished work. 
Jones, G. Org. React. 1967, 15, 204. 
McNab, H.; Stobie, I. J. Chem. Soc., Perkin Trans. 1 1982, 1845. 
Devys, M.; Barbier, M.; Loiselet, I.; Rouxel, T.; Sarniguet, A.; Kollmann, A.; 
Bousquet, J. F. Tetrahedron Lett. 1988, 29, 6447. 




Soledade, M.; Pedras, C.; Okanga, F. I. Chem. Commun. 1998, 67. 
Soledade, M. ; Pedras, C.; Okanga, F. I. I Agric. Food Chem. 1999, 47, 1196. 
Garcia, E. E.; Riley, G.; Fryer, R. I. I Org. Chem. 1968, 33, 2868. 
Hamel, P.; Girard, Y.; Atkinson, J. G. I Org. Chem. 1992, 57, 2694. 
Atkinson, J. G.; Hamel, P.; Girard, Y. Synthesis 1988, 480. 
Andreani, A.; Bonazzi, D.; Rambaldi, M.; Guamieri, A.; Andreani, F.; 
Strocchi, P.; Montanao, N. I Med. Chem. 1977, 20, 1344. 
Wenkert, B.; Hanna, J. M.; Leftin, M. H.; Michelotti, E. L.; Potts, K. T.; Usifer, 
D. J. Org. Chem. 1985, 50, 1125. 
Hartke, K.; Teuber, D.; Gerber, H. D. Tetrahedron 1988, 44, 3261. 
Bourdais, J. Bull. Soc. Chim. Fr. 1968, 1506. 
Takada, S.; Ishizuka, N.; Sasatani, T.; Makisumi, Y.; Jyoyama, H.; 
Hatakeyama, H.; Asanuma, F.; Hirose, K. Chem. Pharm. Bull. 1984, 32, 877. 
Bourdais, J.; Bourgery, G.; Obitz, D. Bull. Soc. Chim. Fr. 1971, 116. 
Duguay, G. C. R. Acad. Sci. Ser. C 1975, 281, 1077. 
206 
Rajappa, S. Heterocycles 1977, 7, 507. 
Ambrogi, V.; Furlani, A.; Grandolini, G.; Papaioannou, A.; Perioli, L.; Scarcia, 
V.; Tuttobello, L. Eur. I Med. Chem. 1993, 28,659. 
Patterson, J. M.; De Haan, W.; Boyd, M. R.; Ferry, J. D. I Am. Chem. Soc. 
1972, 94, 2487. 
Patterson, J. M.;Mayer, C. F.; Smith Jr., W. T. I Org. Chem. 1975, 40, 1511. 
Tanaka, H.; Ogawa, H.; Suga, H.; Toni, S.; Jutand, A.; Aziz, S.; Suarez, A. G.; 
Amatore, C. J. Org. Chem. 1996, 61, 9402. 
Levy, J.; Royer, D.; Guilhem, J.; Cesario, M.; Pascard, C. Bull. Soc. Chim. Fr 
1987, 193. 
Creed, T.; Leardini, R.; McNab, H.; Nanni, D.; Nicolson, I. S.; Parkin, A.; 
Parsons, S. Acta Crystallogr. Sect. C 2001, 57, 1174. 
Thomas, A. D.; Asokan, C. V. I Chem. Soc., Perkin Trans. 12001, 2583. 
Comins, D. L.; Smith, R. K.; Stroud, E. D. Heterocycles 1984, 22, 339. 
Tucker, S. C.; Brown, J. M.; Oakes, J.; Thornthwaite, D. Tetrahedron 2001, 57, 
2545. 
Loader, C.E. J. Chem. Soc. C 1966, 1078. 
Stuart, J. G.; Quast, M. J.; Martin, G. E.; Lynch, V. M.; Simonsen, S. H.; Lee, 
M. L.; Castle, R. N.; Dallas, J. L.; John, B. K.; Johnson, L. F. .1. Heterocyci. 
Chem. 1986, 23, 1215. 
Dix, I.; Doll, C.; Hopf, H.; Jones, P. G. Eur. I Org. Chem. 2002, 2547. 
Akthar M. A.; Jeffreys, J. A. D. Tetrahedron Lett. 1970, 3329. 
Nutaitis, C. F.; Marsh, S. R. I Heterocyci. Chem. 1992, 29, 971. 
Maim, J.; Bjork, P.; Gronowitz, S.; Hornfeldt, A. B. Tetrahedron Lett. 1994, 
35, 3195. 
Yang, Y.; Hornfeldt, A. B.; Gronowitz, S. J. Heterocyci. Chem. 1989, 26, 865. 
Angel!, C. L.; Hedaya, E.; McLeod, D. I. Am. Chem. Soc. 1967, 89, 4214. 
Cadogan, J. I. 0.; Husband, J. B.; McNab, H. I Chem. Soc., Perkin Trans. 1 
1983, 1489. 
Harwood, L. M.; Moody, C. J.. Experimental Organic Chemistry, Blackwell, 
Oxford, 1989. 
Stacy, G. W.; Eck, D. L.; Wollner, T. E. .1. Org. Chem. 1970, 35, 3495. 
207 
Yoshida, K.; Miyoshi, K. J Chem. Soc., Perkin Trans.] 1992, 333. 
Cooper, J.; Scrowton, R. M. I Chem. Soc., Perkin Trans. 1 1972, 414. 
Benassi, R.; Folli, U.; larossi, D.; Schenetti, L.; Taddei, F. I Chem. Soc., 
Perkin Trans. 2 1983, 911. 
Sauter, F.; Jordis, U.; Cai, G. I Chem. Res. (Al) 1983, 2531. 
Aitken, R. A.; Drysdale, M. J.; Ferguson, G.; Lough, A. J. I Chem. Soc., 
Perkin Trans. 11998, 875. 
Anderson, W. K.; LaVoie, E. J.;Bottaro, J. C. I Chem. Soc., Perkin Trans. 1 
1976, 1. 
Topoiski, M. .1. Org. Chem. 1995, 60, 5588. 
Baker, S. R.; Cadman, M. L. F.; Crombie, L.; Edwards, D. A.; Mistry, J. .1. 
Chem. Soc., Perkin Trans. 11996, 2705. 
Mudry, C. A.; Frasca, A. R. Tetrahedron 1973, 29, 603. 
Timari, G.; Soos, T.; Hajos, G. Synlett 1997, 1067. 
Anzai, K. I Heterocyci. Chem. 1979, 16, 567. 
Katritzky, A. R.; Lue, P.; Chen, Y. X. I Org. Chem. 1990, 55, 3 68 8. 
Shiao, M. J.; Chia, W. L.; Shing, T. L.; Chow, T. J. J. Chem. Res. (M) 1992, 
2101. 
Murray, R. W.; Gu, H. I Org. Chem. 1995, 60, 5673. 
Herz, W.; Murty, D. R. K. J. Org. Chem. 1961, 26,418. 
Oshea, D. F.; Sharp, J. T. J. Chem. Soc., Perkin Trans. 11996, 515. 
Clive, D. L. J.; Anderson, P. C.; Moss, N.; Singh, A. I Org. Chem. 1982, 47, 
1641. 
208 
